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FOREWORD

This course has been developed for medium level technicians and
professionals engaged in the management and development of watershed lands in
developing nationse A major aim of this syllabus is to provide the water
resource technician or manager with information which wi’ aid him in the
implementation of improvements of present land use practices and to inform him
of alternative concepts and techniques in land and water use thiat might be
applied to increasing and improving the multiple products of the waizrshed iands
of his or her country.

It should be understood that because of the large scape of tnis
syllabus, exact solutions to each specific problem of watershed lands as they
may exist under the physical, social and economic conditions in each of the
developing nations cannot be given.

Watershed lands are defined broadly as habitable areas of the earth, but
which do not include well defined agricultural lands, urban areas, or special
reserve arz2as. Because the production froni these lands is inextricaviv linked
with water, a basic portion of the course will deal with fundamentals of
hydrology; and, because most oi the problems in developing the multiple praducts
of watershed lands are of social and economic origin, the course will emphasize
this aspect of development.
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Development and Management of Watershed Lands
Introduction

Beyond the limits of well-defined agricultural Jands and urban areas lies a major partion of
the earth's habitable land surface, a residual often classed as forest or rangeland, wild lands,
marginal lands or simply undeveloped lands. For lack of a more specific generic term, these
residual lands will be termed watershed lands. They include more than 80 percent of the 25 billion
acres of land on earth. It is to these watershed lands that we must look for increased productivity
of food, fiber, energy, and living space for our burgeoning population, and it is these lands that
currently stand in great jeopardy all over the world.

This course is directed toward the understanding, planning, development, and management of
the land and water resources of watershed lands. It is aimed particularly at some of the major
probiems that cencern the use of these lands in the developing countries.

Problems of Watershed Lands

The problems of watershed lands in the developing countries most often are deeply entwined
in social and economic patterns which are incompatable with environmental limitations. ‘At present,
three biliion human beings inhabit the earth. Each day, 200,000 more individuals are added to our
planet's population. By the year 2000, which is only 21 years away, these 3 billion may hav.
increased to 6 billion. As the growing population places increasing pressures upon global
resources, our fragile planet will need increasingly careful management if the survival of mankind
is to be assured. However, human survival alone is not now and has never been an acceptable goal
for any nation; this is true today more than ever before. The world's developed nations have become
accustomed to increasingly high living standards based upon the consumption of a far greater than
proportionate share of the world's resources. The developing nations are aspiring to equal economic
and social standards that would require a more equitable share of these resources. It is these
aspirations, in the facce of ever increasing doubts about our planet's capability to even feed its
population, that place mankind in a most vulnerabie world situatien.

Woridwide, the ratio of land to population is dwirdling: in a number of countries, the
amount of cultivated land per person is less than a single acre. Only a few decades ago, food
production could be increased in most countries by bringing additional acres under cultivation or by
extending grazing areas; now that option is disappearing in many regions:

At present, between 50 and 80 percent of the population of the developing nations live on
watershed lands. For these millions of people it is a fact of life that the harder they work, the
poorer they get. Their land is either too steep or too dry or the soil is too poor to support more
than a mean level of existence for a few people. Because of increasing population and intractable
patterns of intensive land use and tenure, fragile environments are being subjected to mistreatment
which they cannot much longer sustain.

As populations increasz the only alternative is for rural peoples to migrate into
increasinaly fragile areas. In the more humid regions, forested slopes are cleared for fuel, fodder
and primitive cultivation. Fires are allowed to escape from fields and burn indiscriminately;
forests are being grazed to an extent that prevents their reproduction; networks of trails are
established with i.0 concern for the erosion hazard they create. The consequences are accelerated
soil loss and land deterioration, environmental degradation and further impoverishment of the rural
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inhabitants themselves. In more arid areas where cultivation or wood harvesting is not possible,
overgrazing is practiced to the extent that more than 1.5 million square miles of the earth have
been converted to unproductive deserts during the past fifty years.

Of at least equal importance to the loss of the productivity of watershed lands, in both
humid and arid areas, is the loss of the protective cover of the soil and the subsequent reduction
of the soil reservoir — the principal means by which water and erosion are controlled on watershed
lands. The results have been increased flooding of valleys and the shifting of stream beds
accompanied by damage from water and silt to prime agricultural land, irrigation structures,
reservoirs, settlements, and communications. Stream flow during dry periods becomes unreliable and
insufficient for the dilution of disease carrying pollutants, the maintenance of irrigation works,
and for urban and industrial needs. Ground water levels decline, resulting in the failure of
springs and well‘s.

Examples of Watershed Lands and Their Problems

Steep and Mountainous Watershed Lands

Steep and mountainous watershed lands make up nearly one quarter of the earth's land
surface, and are occupied by 10 percent of the total world's population. A great proportion of
these lands have mesic or humid climates, vegetative cover (often forest) with little arable soil
and low population densitiess Some of the most severe problems of steep land watersheds are seen in
Nepal where erosion, accelerated by man's activities, is contributing 250 million cubic meters of
silt to the Ganetic Plain each year. According to Napli observers, the beds of the rivers in the
Terai Plain of southern Nepal are rising by 15 to 30 centimeters annually which leads to flooding
and shifts in river courses. The Kosi River, for example, has shifted its course 115 kilometers
westward within the past 150 years, leaving 15,000 square kilometers of once fertile land buried
under a mass of sand and rubble. This process has displaced 6.5 million persons. :

The ever increasing populations of Nepal and other countries in the region are pushing ever
further into the mountains and higher up the slopes in order to seek a means of livelihood. Even
with the aid of terracing, which the farmers of Nepal have been practicing for centuries;, these
slopes are too steep and the soils too thin for intense cultivations Nevertheless, a singlé acre of
cultivated land must now support four people. The demands of increasing population result in less
suitable soils and steeper lands being brought into cultivation, leading to a reduction of overall
productivity in the country. In the densely populated eastern hills of Nepal, as much as 40 percent
of what once was farm land has been abandoned and allowed to revert to bush because it is no longer
fertile enough to support crops. These lands are severely eroding and are the sites and sources of
massive land slides and severe gully erosion. However, cultivation is responsible only in part for
the rapid deterioration of the watersheds. Nepalls forest lands stand in much greater jeopardy.
The demands made by increasing numbers of livestock (over 15 million at present) are taking their
toll on the forests of the steep hillslopes by fodder harvesting and overgrazing. Forest and range
fires also present a serious problem.

The annual per capita energy consumption in Nepal is small compared io that of developed
countries (e.g., only 2.5 Geal as compared with 30 Geal for Switzerland). Nevertheless, 6.6 million
cubic meters of wood are consumed annually. In some regions of the country it is estimated that S0
percent or more of wood extraction from the forests is for fuel purposes. ‘

In many of the steep and mountainous watershed lands of the world, the effects of timber and
firewood extraction, forest clearance for cultivation, grazing, looping for fodder and burning of
the undergrowth, combined with inefficient timber utilization are causing a general degradation of
the forests by thinning, overaging and finally destruction. It is evident that the destruction of
the forests of these steep and mountainous watersheds is progressing every year. In Nepal, for
example, :hese lands (over 80 percent of the country) are likely to be all but totally denuded by

the end of the century.
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This calamity has already taken place over much of the East African highlands. In Ethiopia,
erosion from the mountain studded 6,000 foot high Amhara Plateau produced the silt carried by the
Nile that fertilized the agricultural flood plain of Egypt for centuries. Now, the high dam at
Aswan traps the silt and helps control the Nile's floods. The dam has created a lake of over 5,000
square kilometers which extends from Aswan to the border of Somalia, and ‘which receives an estimated
90 million tons of sediment each year, giving the lake a life expectancy of only 500 years in a land
a cultural history of more than 5,000 years. The rate of sedimentation may increase in the future.
At one time 75 percent of Ethiopia was covered with forests which moderated the process of soil
losse However, recent surveys indicate that substantial forest cover has diminished to only 4
percent of that nation's total land area. Deforestation is still proceeding at an estimated rate of
1,000 square kilometers per year.

In great portions of the Andes mountain range of South America, deforestation is almost
complete, particularly in Pery. In Peru's mountainous region, which covers more than 1/3 of the
country, the population has doubled and redoubled in this #2ntury. The mountain farmers have been
forced into large scale deforestation, overgrazing, overcropping, and drastic crop reduction during
the fallow periods of shifting agriculture. In some areas the hill people have been driven to
digging up even the roots of trees and shrubs to burn for fertilizer, thereby greatly increasing the
already depleted soil's susceptibility to severe erosion. -As in the Andus, devegetation of steep
and mountainous watershed lands is also being accelerated in Eastern India, Pakistan, Thailand, the
Philippines, Indcnesia, Malaysia, Nigeria, Tanzania, and many other countries. !

Dry Watershed Lands
Arid and semi-arid regions are not often thought of as watershed lands. However, the water

relationships of these regions are p -haps more critical to a greater number of people on earth than
those of more humid regions. Water is always in critical balance with arid ecosystems and this
balance is presently being upset by man and his animals at alarming rates over vast acreages of the

earth.

Dry regions cover more than one-third of the earth's land surface, and slightly over half of

their area is inhabited by 630 million people. The remainder is climatically so arid and
unproductive that it cannot support human life. But the degradation of land and water resources by

human activities is turning potentially productive dry lands into unproductive deserts in Asia,
Africa and Latir America. This process is calld desertification. It has been estimated that a
collective <-ea larger thar Brazil, with rainfall above the level classified as semi-arid, has been
degraded to desert-like conditions. This does not take into account the far greater degradation
that is taking place within the potentially productive semi-arid zones.

About 60 million people in the developing countries live on the semi-arid inte sace between
deserts and more humid areas. Desert encroachment in West Africa has received the greatest
international attention recently. Although some reports from the Sahara srem wildly overdrawn,
reliable estimates indicate that 250,000 square miles (650,000 square kilometers) of !and suitable
for agriculture or intensive grazing have been forfeited to that desert over the past 50 years along

its southern edge.

One of the most outstanding examples of the problems of dry watershed lands is typified by
the arid lands of India which include the sandy wastes of the Thor Desert of Western Rajasthan, a
larger inhabited but desolate area surrounding it that is often called the Rajasthan Desert, and
other dry areas further south and east. An average of 61 people now occupy each square kilometer of
these lands. The practical consequence of the pressure this population exerts has been the
extension of cropping to submarginal lands which are fit only for forest or range, helping make this
perhaps the world's dustiest area. Meanwhile, as the land available for forage shrinks, the number
of grazing animals swells. The area available exclusively for grazing in Western Rajasthan dropped
from 13 to 11 million hectares between 1951 and 1961, while the population of goats, sheep and
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cattle jumped from 9.4 to 14.4 million. The livestock population is still growing. During the
decade of the 1960's the cropped area expanded from 26 percent to 38 percent of the tota] area,
squeezing the grazing area even more.

As long as current land use patterns continue, the livelihood of tens of millions living in
the arid lands of India will, at best, remain at its current dismal level. At worst, and most
probably, a prolonged drought in the future will mercilessly rebalance the number of people with the
available resources. As it is, relief programs for the arid zones are seriously draining the
governments' funds and food stores.

Present land use patterns in desert environments must be reshaped in order that delicate
water relations are not pushed beyond their limits. As the number of people and animals living in
the arid zones climbs and the quality of the land on which they must live simultaneously declines,
the impact will be globai unless solutions are implemented. '

Humid Tropical Wazershsd Lands

There is a common fallacy that however much steep and mountainous lands might loose their
production potential by ercsion or how much marginal land is degraded into desert, the world can
fall back on its tropical watershed basin lands. One quarter of the Asian, African and Latin
American tropics are occupied by these lands. The Amazon Basin, for example, includes nearly 3
million square miles, 40 percent of the South American contineat, yet it is inhabited by less than 3
percent of its population.

Annther common fallacy is that these lands, because they support 2 rich and diverse plant
cover, must also be highly suited to intensive agriculturs. Unfortunately, tropical rain forests
are closed systems with most of the available nutrients tied up in the vegetative canopy. The
nutrients are easily released to the soil if the canopy is burned. Thus, these lands are well
suited to slash and burn agriculture which has been practiced in tropical regions for thousands of
years. !t only heccmés a serious threat when production pressures become too great tc allow a
sufficiently iocng recovery period between slash and burn cycles. There is good evidence that these
pressures were largely responsible for the collapse of several jungie civilizations, notably the
Mayan civilization of Centrall America and the ancient Khmer Empire of Cazmbodia whose agricultural
practices led to cementation and loss of fertility of the lateritic soils they farmed.

Increasing demands for food and fiber are wnow placing pressure Uupon tropical watershed lands
on a giobal scale. In eastern Nigeria, for instance, the most densely popufated part of Africa
south of the Sahara, shifting agriculture has been forced into shorter and shorter rotation cycles
to the point that it has become tontinuous cropping. The result is an almost universal progression

in the loss of nutrients and breakdown of soil structure. This declinc has been severe in Africa—
where per capita food production has actually declined over the past twenty years.

One of the best examples of the problems of tropical watershed lands are those developing in
the Amazon basine By any account, the soils of most of the Amazon basin are poor and could perhaps
best be exploited through forestry or nonagricultural practices. Only about 4 percent of the
Brazilian portion of the Amazon have soils with medium to high fertility. Most of -the better soils
are in narrow plains along the banks of rivers, and their development for large scale agriculture
will require large expenditures for drainage and flood control. Nevertheless, the Amazonian
governments have progrims to help new farmers from other regions settle in the basin. Since 1971,
fifty thousand families have settled along a proposed highway between Peru and the Atlantic. With '
few financial and administrative resources, and less knowledge of tropical farming techniques, even -
the most successful barely attain production at subsistence levels. It is.probable that many more
colonists will find it impossible to make a living and will abandon their plots after the soil has
been severely degraded by over-intense, inappropriate cultivation. \
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The Watershed or a Unit for. Development
The fundamental unit of water resource management is the watershed basin. It may be a

catchment area for the precipitation provided to stream channels or a larger basin which contributes
water to a particular river channel or set of river channels. Biologists, ecologists, and
biogeographers have turned to the watershed as an ideal unit in wlich to develop the ecosystem
approach. Systems engineers and economists view the watershed as the basis for study and
development in terms of river basin planning for economic development. Hydrologists and engingers
consider the watershed to be a system within which a balance can be struck between infiow dnd

outflow of water and energy.

The term watershed implies a domain or system within boundaries. The boundaries may be
physical ones, such as watershed divides, or they may be defined by processes such as runoff. The
watershed domain may be further divided into subcomponents ¢f smaller watersheds or into
subprocesses such as overiand flow. Watersheds may be controlled with physical structures such as
the series of dams aperated by the Tennessee Valley Authority in the United States or uncontrolled
as are most watersheds in developing countries.

In a social science context, th:: waiershed has emerged rather recently as a logical unit of
understanding and policy making. This emergence is closely connected, in the course of general
economic development, with technological change and shifting demands for tiie main products of a
watershefi: hydroelectric power; water; timber; livestock; agricultural crops and the amenities.

]

The Role of the Water Resource Manager
The water resource manager may be called upon to exercise control over a watershed to meet

some objestive through the application of upstream treatments. His objectives may be to: increase
water yields; provide a dependablé supply of water for downstream use; improve forest, range and
small farm production on the watershed; maintain a specified standard of water qualilty; reduce
erosion and flood hazard; or cnhance recreation and wildlife on the watershed. These tasks might
involve the selection of appropriate cover types, harvesting methods, and plant cover or crop
management systems. The water resource manager may have to consider the feasibility of reservoirs
in combination with upstrzam watershed structures and land treatments. The development of surface
or ground water tor human and/or animal use or small scale irrigation may also he one of his or her
responsibilities. The water resource manager must be versed in hydrology 'and he must aiso be ever
aware of the needs, customs and traditions of the people who live within and depend directly upon
the watershed areas for their livelihoods. The lives of those people living downstream from a
watershed are also affected by its muliiple and integrated products. Perhaps the most important
task of the water rescurce manager is to apply his skills toward solving, in ways which will be of
greatest benefit to mankind, the numerous problems assoc’.ted with land use which currently threaten

large areas of the earth.

It is the task of the water resource manager to reduce this impact, but simoly creating new
sources of water will not solve the problem. In fact, the development of water in drv environments
is often a major cause or desertification. With water, livestock numbers inevitably increase, and
each new watering spot becomes a nucleus for further expanding the desert. The water resource
manager in dry environments must not only know thé techniques of wate:s deveiopment, but must
confront the dilemma of what is essential to the survival of socicty over the long term is usualiy
at cross purooses with what'is essential to the survival of the individual over the short term.

The watershed manager in humid, tropical watershed lands raust be versed in small farming
practices and alternatives to these practices, knowledgeable in transport systems and economic
marketing, in ‘addition to being an expert in the hydrology and soils of humid tropical regions. In
stéep or mountainous regions, he must be familiar with the techniques of erosion controi,
reforestation and forest management. He must deal wnd the problems of shifting cultivation, fuel
wood harvesting, and forest grazing. Groundwater development and strearn control may be an important
part of his job.

s O
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The Development of Water Resources
There is clear evidence that the physical potential exists on earth to feed a much larger

population than now lives here. Despite this encouragement, it must be remembered that the
resources of individual countries vary widely. Even india, which is often cited as hopeless by
professional pessimists, is capable, with its abundant sunlight and deep soils, of producing many
times over the amount of food presently being grown.

Water resource development has a long gestation time before it yields benefits. Political
leaders in both the rich and poor countries have short term horizons. They focus on immediate and
popular concerns. Yet the conservation and production of the resources of watershed lands depend on
long term and expensive commitments. Both the developed and developing countries must be ready to
make this commitment to the development of the world's watershed lands if future worldwide disaster
is to be avoided.

It is important to recognize that the problems of watershed lands do not necessarily arise
from physical limitations nor from lack of technical knowledge. The limitations on production and
abundance are found in the political and social structures of nations and the economic relations
among them. The resources are there, and their successful development depends upon the will of men.
“The water resource manager can help strengthen this will by presenting and implemen"ting sound,
practical solutions for developing the productivity of watershed lands which will provide the
greatest benefit to man over the long term.

It must be pointed out that, despite a prevailing pessimism, solutions do exist. Much is
known and much more remains to be learned. The problems are complex and touch sensitive areas of
the political, economic and technological structures of nations. Solutions will not be easy to
find. They will require knowledge, imagination and courage, but they can be obtained when the best
minds endeavor to develop wise operational policies that will also be acceptable to the public.
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Quantifying the Hydrologic Cycle:
Water and Energy Budgets

The Hydrologic Balance

The hydrologic balance or water budget is both a fundamental concept of hydrology and a
useful method far the study of the hydrologic cycle. The hydrologic cycle represents the processes
and pathways involved in the circulation of water from land and water bodies, to the atmosphere and
back again [Figure 1). The cycle is complex and dynamic but can be simplified if we categorize
components into input, output or storages as illustrated in Figure 2. Input such as rainfall,
snowmelt and condensation must balance with changes in storage and with outputs which include
streamflow, groundwater, and evapotranspirations The water budget is essentially an accounting
procedure which quantifies and balances these components.

The quantities of water in the atmosphere, soils, groundwater, surface water and other
components are constantly changing because of the dynamic nature of the hydrologic cycle. At any
one point in time, however quantities of water in each component can be approximated. If we
consider the total water resource on the earth, only about 3 percent is fresh water. About 77
perceni of this fresh water is tied up in the polar ice caps and glaciers, and 11 percent is stored
in deep groundwater aquifers, leaving 11.6 percent for active circulation. Of this 11.6 percent,
only 0.55 percent exists in the atmosphere. and biosphere (from the top of trees to the lowest
roots). The atmosphere redistributes evaporated water by precipitation and condensation-
Components of the biosphers partition this water into runoff, soil water storage, groundwater or
back to the atmosphere.

The hydrologic processes of the biosphere and the effects of vegetation and soils on these
processes are of particular interest to watershed managers. Processes such as interception,
evaporation, transpiration, infiltration, percolation, surface-runoff, subsurface flow and
groundwater flow can all be affected by land management activities. Likewise, man can alter the
magnitude of various storage components including soil witer, snowpacks, lakes, reservoirs and
rivers. With a water budget we can examine existing watershed systems, quantify the effects of

-~ management impacts on the hydrologic cycle and in some cases predict or estimate the hyqrologlc

consequences of proposed or future activities.

Water Budget Concept
The water budget is simply an application of the conservation of mass principle to the
hydrologic cycle. That is, for a given watershed and a certain time intervai:
I = O = delta S
where:

| inflow of water to the system
O = outflow of water from the system
delta S = change in storage of the volume of water in the system.

Substituting with the hydrologic components of a watershed or river basin, the above
relatianship for a given time interval becomes:

bt
=2
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P-(Q+ET)+L =delta$

where:
P = tetal precipitation
Q = total runoff or streamflow, including measured groundwater
flow
ET = total evaporation and transpiration losses
L = leakage out of the system by deep seepage (-) or leakage
into the system (+) from an adjacent watershed
delta S = change in storage in the sysiem which is determined by:
deita S = St - St—1
where:
St = storage at the end of the time period
St—1 = storage at the beginning of the timz period

If adequate time and manpower were available, each of.these terms could be eithe; measured directly
or estimated by a variety of techniques which will be discussed later. Units for water budget
components are typically in areal inches or cm of water depth for the watershed being studied. By
combining many processes and components together this method simplifies the analysis of the
hydrologic cycle.

Water budgets can be determined for small plots, headwater drainages, large river Easins or
even continents. If a water budget was to be determined over one year for ali land and water areas,
the total change in storage would usually be negligible. The annual budget could then be
approximated by using the following data from Todd (1970):

P =9,86 x 1013 cubic meters of water falling cn land surfaces
36.98 x 1013 cubic meters falling on the ocean :

40.3 x 1013 cubic meters of evaporation from the ocean

654 x 1013 cubic meters of evapotranspiration from land

areas

Q = 332 x 1013 cubic meters of streamflow and runoff from land
surfaces and groundwaier to the ocean

E =
ET

For land areas the budget would be, in units of 1013 cubic meters:
=ET + Q or 286 = 654 + 332
For the ocean, streamflow and runoff are inputs so that the budget in 1013 cubic meters is changed
to:
P+Q-E =0 or 3698 + 332 - 403 =0
During perlods of glaciation, however, a net increase in storage of water in the form of ice would
occur in the polar regions and would be followed by periods with a net reduction in storage.

Water budgets for the different continents indicate -the abundance of precipitation and
streamflow for each continent as a whole (Table 2). By looking at the ratio ET/P we can also make
relative comparisons of the abundance of water. A high ratio indicates a more arid climate
(Australia), a lower ratio a more wet climate (Europe). Water budgets for such large areas do not
tell us anything about the distribution of precipitation and streamflow within the continents. The
unequal distribution of water supplies over continental areas and with respect to season results in
many of our water resource problems. 'Thus,‘ water budget studies are typically performed on river
basins or individual watersheds, and often for time periods shorter than one year.

12
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The Water Budget as a Hydrologic Method

The application of a water budget as a hydrologic tool is relatively simple; if all but one
compunent of a system can either be measured or estimated, then wc can solve directly for the
unknown part. ‘n the examples previously discussed, all components were known; in practice we

usually oz not have measurements for all budget components.

The annual water budget for a watershed or drainage basin is often used because of the
simplifying assumption that changes in storage over a year period are negligible in many instances.
Computations for the water budget could be made, beginning and ending with wet months (A - A!) or
dry months (B - B!} as illustrated in Figure 3. In either case the difference in soil water content
{storage) between the beginning and ending of the period is negligible. By measuring the total
precipitation and streamflow for the year, the annual evapotranspiration {ET) can be estimated from
the following:

ET =P-Q
Provided that a reasonable estimate of precipitation on the watershed is obtained, the next major
assumption is that the total outflow of liquid water from the watershed has been measured. This
implies that there is no loss of water by deep seepage to underground strata and that ail
groundwaier flow from the watershed is measured at the gaging site. If certain kinds of geologic
strata such as limestone underlie a watershed, the surface watershed boundaries may not ccincide
with the boundaries governing the flow of groundwater. In such cases there are two unknowns in the
water budget, ET and groundwater seepage (L), which result in:
ET+L=P-Q

If losses to groundwater are suspected, they can sometimes be estimated by specialists in
hydrogeology who have knowledge of geologic strata and respective hydraulic conductivities.

The change in storage can sometimes be difficult to quantify when we cannot assume that
change in storage is negligible over the time interval., Estimates of change in storage become more
difficult as computational interval diminishes and as the size of the area under investigation
increases. The change of storage for a small vegetated plot may involve only periodic measurements
of seil water content. Such measurements can be made gravimetrically (weighing a known volume of
soil, drying the soil in an oven and reweighing), with neutron attenuation probes or other methods.
As the size of the area increases, the storage changes of surface reservoirs, lakes and groundwater
must also be considered. Stage-elevation-outflow data are needed to evaluate changes in lake or
reservoir storage, and are not particularly difficult to analyze when compared with storage changes
in surface soils and geologic strata.

The soil-water-storage component is usually distinguished from geologic strata in water
budget computations, as that part which can be depleted by evapotranspiration. Diurnal as well as
seasonal changes in storage of the soil mantle can be significant. The underlying geologic strata,
on the other hand, represents a zone in which changes in storage are slow. Recharge and drainage
account for changes in storage within strata below the soil mantle. These strata along with
unconsc ‘dated sand and gravel deposits are the sources of sustained streamflow yizld (baseflow)

from many watersheds.

Energy Budget .
Solar energy is the driving force of the hydrologic cycle. As with the water budget, the

components of the energy cycle can be identified and partitioned. Some of these components can then
be related to parts of the water budget. The linkage between the water and energy budgets is
direct; net energy available at the earth's surface is apportioned largely as a result of quantities
of water in the. varicus storage components. The primary purposes for studying the energy budget,
like the water budget, are to develop a better understanding of the hydrologic sycle and to be able
to quantlfy or estimate certain parts of the cycle. The energy budget has been widely used to
estimate evaporation from bodies of water, the potential evapotranspiration for terrestrial systems,
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and has also been used to estimate snowmelt.

The earth's surface n:ither gains nor loses significant quantities of energy over long periods
of time, but there may be a net gain or a net loss for any given time interval as determined by:

(S+s) (1 -a)y+1 -1 =R,
where

S = direct solar radiation (short-wave) in langleys

diffuse or scattered solar radiation (short-wave) in langleys

s =
a = albedo or reflectivity to short-wave radiation (a decimal)
1 = incoming long—-wave radiation in langleys
1 = outgoing lorng-wave radiation in langleys
A
Rn = net radiation in langleys

The net radiation is therefore the residual of incoming and outgoing short-wave and long-wave
radiation. The albedo or reflectivity of the terrestrial system determines the proportion of total
incoming short-wave radiation which is reflected back into the atmosphere. The albedos of several

natural surfaces are listed in Table 3.

The apportionment of solar radiation is also affected by weather conditions. On the
average, about 85 percent of the total downward stream of solar radiation is direct solar, but
during cloudy days the diffuse or scattered short-wave radiation is the only short-wave input.
Likewise, the long-wave radiation components are affected by atmospheric conditionse A cloudy or
hazy atmosphere essentially traps long-wave radiation which would otherwise be lost from the earth,
resulting in a larger incoming component (I ) than an outgoing component (I ). The emitting
constituents of long-wave radiation in the atmosphere are primarily CO2, O3 and the liquid and vapor
forms of water. Terrestrial objects absorb and radiate long-wave radiation very efficiently,
approaching 100 percent. Therefore, reflectivity of long-wave radiation by terrestrial objects is

considered negligible.

The net radiation (R ) available at a surface is important from a hydrologic standpoint
because it is usually the prlmary source of energy for evaporatlon, transpiration and snowmelt:

Rn =LE+H+G+Pn+Sn
where

LE = latent heat of vaporization multiplied by the total
water evaporated (langleys)

H = sensible heat (langleys)

G = heat of storage, to the soil or underlying strata (langleys)
Pn = energy utilized in photosynthesis (langleys)

S, = heat of fusion, energy used to melt snow (langleys)

Typically when snow is present, the majority of net radiation is apportioned to snowmelt (80
cal g"1 )» In snow-free systems, the allocation of net radiation is highly dependent upon the

14
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presence or absence of water. |If water is abundant and is readily available for evaporation and
transpiration, then large amounts of energy are consumed in the evaporation process (about 585 cal
g~' at common rerrestrial temperature). Little energy is left to heat the air (H) or ground (G).
On the other hand, if water is limiting, LE is small and a greater amount of energy is available to
heat the air, the ground surface and other terrestrial objects. Losses (or gains) of energy to the
interior earth do not change rapidly with time and are usually negligible when compared to LE and H.
Similarly, energy consumed in photosynthesis, although of unmeasurable importance to life on earth,
is a very small quantity in hydrologic terms and is usually not considered.

The energy budget may be used to estimate evapotranspiration for conditions where water in
the soil and plant system is abundant (not limiting), when horizontal advection is negligible and
when Rn can' be measured. In essence then, the energy budget estimates potential evapotranspiration
which is governed only by available energy. For example, if we' measured the energy budget components
over a vegetated surface and soil water was not limiting to the plants the following estimate of
evapotranspiration could be obtained:

If R = 470 ly day™"
n
H=9Ily day'1
G=48ly day'1
then, LE = 470 - 90 - 48 = 332 ly day™"
and E=23321ly day-1 | 585 cal gm'1 = .57 ¢cm day'1

Components of the energy budget are difficult to measure and as a result, several empirical
relationships have evolved which allow one to estimate ET with more limited climatic measurements.
Penman's (1948) equation is perhaps the most widely known approach used to estimate potential

evapotranspiration (PET):

PET = delta R + E, / delta + gamma

where
delta = slope of the saturation vapor pressure - temperature )

curve at the air temperature .
= net radiation in langleys
= a function of wind speed and vapor pressure gradient
and
gamma = constant

Rn
a

Measuremerts of wind speed, vapor pressure gradient, air temperature and net radiation require
rather extensive instrumentation and are time consuming and costly. For most practical hydrology
studies we do not have such climatic dat' available. Other methods require less extensive data,
such as Thornthwaite's, which use only air temperature data. Monthly pan evaporation data may also
be used to estimate PET with appropriate pan coefficients. With any of these methods we can only
equate PET to actual ET when the soils have adequate water. T
Water Budget Examples '
Each watershed is a unique system which responds to precipitation and energy inputs
according to its biological and physical characteristics. The following examples cover a variety of
ecosystems and applications to provide the reader with some insight into the usefulness of the water

budget method.
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Tropical Ecosystems . ,
The characteristics of tropical forests and watersheds require special considerations for

water budget applications. High temperatures and abundant annual rainfall (usually more than 1500
mm) which is evenly distributed throughout the year, characterize the rainy tropics or tropical rain
forests. Some tropical areas such as the northern Philippines, Burma and the east coast of Vietnam
have distinct dry seasons, typical of the monsoon tropics. High altitude tropics likewise have
strongly contrasting wet and dry seasons with distinct soil water changes and streamflow recessions.
Soils are typically deep (usually more than 2 meters), stone-free, of uniform texture and structure,
and well drained. Vegetation is dense and multi-layered with ihe result that only about one-third
of all rainfall penetrates the forest canopy.

Streamflow yield and other components of the hydrologic cycle can be obtained for tropical
ecosystems by using a water budget to couple climatological records with knowledge of the watershed
system. Average soil texture and depth, and the rooting depth or extent to which the existing
forsst community can deplete soil water should be known. Generalized relationships of soil texture
and "plant available water" (Figure 4) can then be used with estimates of soil depth to obtain

values of the total soil water holding capacity and the total water available for

evapotranspiration. For most tropical forest ecosystems, roots are assumed to fully occupy the soil
system and evapotranspiration is considered to occur at or near the potential rate. Estimates of
potential ET and rainfall are then coupled with the above soil-plant characteristics to provide an
accounting of water surplus or deficit for given time increments.

An example of mean monthly water budgets based on climatological data from two different
areas in Thailand is presented in Table 4 The mean monthly rainfall (item 1) is the input item of
the accounting method. Potential ET for each month is listed as item 4. Actual ET (item 5) is
either the total available moisture (item 3) or the potential ET (item 4), whichever is smallest.
The available soil water is determined as the difference between field capacity and permanent
wilting point. The quantity of -soil water available to plants when soils are fully recharged for
Chanthaburi and Chiang Mai are 279 mm and 124 mm, respectively. The first month's calculation,
without actual soil-water content data, would appear to be somewhat of a guess. Errors associated
with unknown antecedent soil water status can be minimized, however, if the accounting begins with a
month in which the soil is typically recharged with water. The month which ends the rainy season,
in these examples October, is a good starting month. The total available moisture (item 3) is
determined from the sum of the rainfall and the initial soil moisture content (item 2). The
remaining available moisture (item 6) is determined as the difference between total available
moisture and actual ET. Any amount in item 6 which is in excess of the soil-water capacity is

calculated as runoff in item 8.

Historical data rather than mean monthly values can be analyzed in a similar manner as Table
4, if we were interested in evaluating the water yield associated with some observed sequence of
rainfall, perhaps a drought period. Water budget analyses of drought sequences are useful for
determining storage requirements for water supply or hydroelectric reservoirs. Likewise, sequential
monthly values for several years could be analyzed "befrre and after" some management activity which
affects the actual ET. For example, the effect of clearcutting on water yield can be estimated by
changing the effective rooting zone in the soil system after clearcutting and recomputing the water
budget. Approximate effects on water yield may then be obtained as the results of a modified
"effective soil water storage capacity."”

A water budget analysis is only as good as the input data and the assumptions which have
been made. Such assumptions include: (1) there are no deep seepage losses or "leakage" from or to
the system, (2) transpiration responses are linearly related to available soil water content {unless
better knowledge of physiological responses is available), and (3) rainfall intensities do not
affect the volume¢ of runoff, i.e., runoff only occurs when field capacity is exceeded. The
assumption on leakage is always difficult to evaluate. Likewise,. the manner in which the community
of forest species respond to diminishing soil water content is unknown. The third assumption for
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tropical forest ecosystems is likely valid because of the extremely high infiltration capacities of
soils.

Plot Studies

Small plots may be useful for water budget studies in remote areas. Plot studies have
several advantages: (1) they are relatively easy and inexpensive to establish, (2) with proper
care, all factors affecting the budget can either be measured or estimated, and (3) they can be
useful to compare the effects of different soil and vegetation characteristics on water budget
components. The major difficulty with plot studies is that their results or relationships are
difficult to extrapolate to a larger watershed system or river basin. An example of a plot study is
given below. ,

Pereira (1973) compared the actual evapotranspiration of three different tropical species on
the basis =7 soil water sampling on plots. A natural bamboo thicket (Arundinaria alpina), Monterrey
cypress (C. macrocarpa) and radiata pine !P. radiata) plantation were compared. Gypsum block
electrical resistance gauges were used to measure soil waier content in the root Zzone (upper 32 ml.
No surface runoff occurred and soil water measurements were taken after free water drainage.
Rainfall and soil water changes were then used to estimate water use by trees. These plot studies
indicated that the ratio of actual ET to free water evaporation (E0) were quite uniform, i.e., .86,
repeated tests for a given cover type in a region, then such ratios can be used to estimate ET
directly from PET zstimates instead of the more laborious soil water. sampling.

In a similar study, but on a warmer and drier site, Pereira (1973) estimated actual ET of a
bamboo thicket to be approximately (.85 EG. The excess water available to recharge groundwater was
of interest in this case and was estimated with an annual water budget (Table 5). Five out of the
eight years showed excess water available for groundwater recharge.

Such an apprcach is quick, but the validity of using ET = 0.85 EO may not be valid for all
years, particularly years which contain long dry periods. If more accurate estimates are desired,

soil water content should be sampled periodically.

Watershed Studies

Although plot studies are useful for comparative purposes, they cannot be used directly to
quantify the hiydrologic response of a watershed. Likewise, plot studies cannot be used to represent
the total watershed response to land-use changes which may include numerous activities spatially
distributed over the area. It is often necessary, therefore, to instrument and determine a water
budget of a control and a "treated" watershed in order to quantify the integrated aydrologic effects
of some “treatment" or management activity. The following is an example of such a study.

Much of the densely forested hills south of Lake Victoria, Kenya has been cleared and
planted to tea. Pereira (1973) and Blackie (1972) used a water budget to estimate the effects of
such clearing on the seasonal pattern of streamflow and total yield. Two parallel forested
watersheds were instrumented, one 700 ha and the other 540 ha, After one year of measurements, 120
ha of the 700 ha Sambert watershed was cleared and tea was planted; within four years, 350 ha of tea
were planted. This planting was also accompanied by the development of roads, housing and a

factory.

The following data were collected: daily streamflow, daily rainfall, Penman estimates of
potential evapotranspiration, soil water content changes in the root zone, and changes in storage
below the root zone as estimated from base—flow recession curves. Actual ET for both watersheds was

determined from:
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ET =P -Q —delta S - delta G - L

where ET, P, Q, and #S are as previously defined and

delta G = changes in storage below the root zone

L = any possible net loss of groundwater other than by streamflow.
The ET estimates from above were compared with Penman's potential ET. The initial clearing reduced
ET by 11 percent, but over the first eleven years the average annual ET values were the same for
cleared and control watersheds. Both watersheds exhibited an ET/PET ratio of 0.8. Therefore, the
modifications to the watershed did not have any major effect on water yield except for the initial

clearing.

Checks for leakage in this study consisted of comparing apparent water loss (P - Q) with
Pemman's PET. If P — Q had exceeded PET substantially, leakage would have been suspected.

Such watershed studies, if performed on representative sites, may be used as indicators of
the total hydrologic response to some form of land use. Just as with plot studies, however, the
extrapolation of results to other areas must be done with caution.

Brushland Watersheds
Chaparral vegetation covers extensive mountainous watersheds in the southwestern United

States, watersheds which have hydrologic characteristics typical of semi-arid climates in other
continents. vV:getation is shrub-like and includes Quercus and Ceanothus species. Potential
evapotranspiration demands are high when compared to annual precipitation resulting in low annual
streamflow yielde Flash floods, however, are not uncommon and result from high intensity summer
rainstorms. Serious erosion and sedimentation problems are also common. Frontal-type precipitation
in the winter months provides the majority of annual precipitation with some snow in the higher
elevations. Winter precipitation may be followed by several months with little or no rainfall until
late summer convective storms occur. Thus, soil water storage becomes substantially depleted over

the growing season.

Mean annual precipitation in the Arizona chaparral varies from 400 to 635 mm. Annual water
budgets for three chaparral watersheds in ‘Arizona are presented in Table &

An interest in increasing water yield in Arizona led to several studies which considered the
replacement of deep rooted chaparral shrubs with shallow rooted grasses. Such changes in vegetation
type effectively reduce the magnitude of soil water storage which can be depleted by plant roots.
Conversion to grasses took place on one of the Three Bar watersheds resulting in a reduction in
evapot, ‘nspiration losses and a subsequent increase in water vyield for ten years following
conversion. For the ten-year period, mean annual streamflow was 216 mm as compared to 39 mm that
would have been expected under chaparral vegetation. Contrasting annual estimates of ET before and
after conversion tell us that ET was reduced from 614 mm (653 - 39) to 437 mm (653 - 216). In
addition to the annual increase in water yield, streams which were intermittent began to flow

throughout the year.

Boreal Forest — Peatland Ecosystems
Peatlands cover large areas in the boreal forests of North America, Europe and the Soviet

Union as well as in many other locations throughout the world. In general they occur where
topography is flat and where precipitation exceeds potential evapotranspiration. Peatlands Jave
shallow water tables and consequently the evapotranspiration losses approach potential rates.
Because these peatlands are integrally tied to regional and perched groundwater systems, the
harvesting of forest products, including the peat itself, can affect the hydrologic response of such
areas. The water budget can be used tc gain a better understanding of these hydrologic systems

under undisturbed and managed conditions.

This example was taken from work by Bay (1967) in which two perched peatlands in northern
Minnesota were insirumented and water budgets developeds The watersheds were 32 and 2 hectares,
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contained peat bogs with soils of from 1 to 4.5 meters deep and were isolated from the regional
water table with minimal seepage losses. Upland mineral soils supported aspen {Populus tremuloides)
and peat soils supported black spruce (Picea fariana). Changes in soil water storage of upland
soils were not measured; however, these soils are typically fully recharged at spring and again at
late fall. Thus, a water budget could be computed between spring and late fall with the assumption
théy #S = 0. For the peat soils, differences in water storage over a period of time were determined
from records of recording wells. Changes in the elevation of the water table were converted to
water storage by determining water yield coefficients for the horizons within the peat soil. The
following water budget was then used to estimate evapotranspiration losses (ET) from the watersheds:

ET=P-Q-S,

where Sb = change in water storage within the peat soil, based

on wat. table changes
The water budget, computed for the growing season of six individual years, characterized the
hydrologic response of these watersheds (Table 7). Actual ET values, as determined frem the water
budget, were compared to the potential ET as calculated by the Thornthwaite method. Estimates of ET
were r2asonably close to potential ET for half the years. High air temperatures and dry conditions
during 1961 and 1963 were explanations for actual ET being much lower than potential ET.

During 1965 actual ET exceeded potential ET for both watersheds. This discrepancy was
explained by excessive rainfall in September which probably resulted in deep percolation through
mineral soils in the upland areas but was included in the water budget estimate of ET. Measurements
of deep water tables in the area verified this explanation. Also, potential ET estimates were quite
low because of cold air temperatures in August and September.

Water Budget Exercise
One hundred ninety hectares of mixed hardwoods are to be clearcut on a watershed which

drains into a water supply reservoir. The city which received water from this reservoir is
interested in deterr%ining how much of an increase in water yield might be expected as a result of
this cut. In order to provide a conservative estimate of possible increases, a dry 21-month period
was selected for analysis with a water budget. A water budget has been calculated for this dry
period under pre-cut conditions (Table 8). :
1. Using the following information and the samc rainfall and potential ET data in Table 8,

estimate the change in water yield in cubic meters for the 21-month period.

a. Soils are clay-loam with an average depth of about 1.7 m; plant available water (field

capacity minus permanent wilting point) averages 164 mm per meter of soil depth.

b. The root systems of the mature hardwood stand fully occupy the soil; therefore, the total

soil water which can be depleted by ET is 279 mm (1.7 m x 164 mm/m) as indicated in Table &

c. Studies have shown that under light herbaceous plant cover, a condition similar to a

clearcut area, soil water is depleted by ET only to a depth of about 0.6 m.
2. Discussion questions

a. What assumptions were made in applying the water budget in this study?

b. What factors would be important in determining the quantities of increased water yield

which would be available at the reservoir site?
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Table 1. Approximate distribution of the earth's fresh water

resourcas
{from Nace, 1964).

Percent of total

Hydrologic Storage Component fresh water
Folar ice and glaciers 77.35
Cieep groundwater (>800 m) 11.05
Shallow groundwater (<800 m) 1.05
Freshwater lakes/streams .34
Soi | .18

Atmmosphere . - .03

Table 2 Water budgets of the continents (from Todd, 1970).

Q
P ET
Continents cm/yr cmlyr cm/yr ET/P
Asia 61 39 2 64
Australia 47 41 6 87
Europe 60 36 24 60
North America 67 . 40 27 +60
South America 135 86 49 -64

Table 3. Albedos of natural surfaces (Budvxo, 1956 as presented by
Reifsnyder and Lull, 1965). <

Surface . Albedo
Dry light sandy soils 0.25 - .45
Moist, grey soils 0.10 — .20
Dark soils 0.05 - .15
Meadows 0.15 - .25 .
Deciduous forests 0.15 - .20

Coniferous forests i 0.10 - .15

o
fea
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Table 4. Average monthiy water budgets for two stations in Thailand {taken from Holdridge et al.
19ﬂ)l '

Station: Chanthaburi, Thailand  OCT GV DEC_ JAN FEE IMR APR MAY' JUN JUL ~ AUG SEP_ VR

................. e L
1. Average rainfall 231 74 15 ° 48 46 76 117 325 493 444 439 478 2791
2. Initial soil moisture 275 279 233 136 75 18 0 9 215 279 279 279 -
3. Total available moisture 510 353 253 184 121 94 117 '334 713 723 718 757 -
4. Potential ET 123 1315 117 109 103 110 10os 119 123 128 129 124 1408
5. Actual ET 123 115 117 109 103 94 108 119 23 128 129 24 1392
6. Feraining available moisture 387 233 136 75 18 0 9 215 590 595 589 633 -
7. Final soil moisture 279 2383 136 75 18 0 9 215 279 279 279 279 —
8. Runoff 103 0 0 0 0 0 0 0 311 316 310 354 1399

Station: Chaing Mai, Thailand ‘ ' .

1. Average rainfall 130 46 10 S 10 13 51 127 132 198 332 290 1244 g
2. Initial soil moisture 124 124 63 0 0 0 0 0 24 46 124 124 -
3. Total available roisture 254 170 73 S 10 13 51 127 156 244 356 414 —-—
4. pPotential ET 114 107 102 99 85 87 87 103 110 117 120 112 1243
5. Actual ET . 114 107 73 S 10 13 51 103 110 117 120 112 935
6. Remaining available moisture 140 63 0 Q 4] v 0 24 46 127 236 302 -—
7. Final soil moisture 124 63 0 0 0 0 0 24 46 124 124 124 -—

' Q 0 0 0 0 0 3 112 178 309

8. Roff 16 0 a

Table 5 Water budget for a bamboo thicket (taken from Pereira, 1973).

: Year '
Water Budget 1953 1954 1955 1956 1957 1958 1959 1960
Carponent ’ mm per year :
Rainfall 787 1295 940 1143 1372 1448 940 813
_ET=Q85 E 965 839 %0 89 864 864 889 965
0
Balance available -178 +456 0 4304 +508 +584 +51 =152

for recharge

Table 6. Water budgets of three watersheds in Arizona (from Hibbert
and Ingebo, 1971).

Mean Mean Annual Mean Annual  Estimated Annual
Watershed Elevation Precip. Q T - ET
(f1) (mm) (mm) _(mm)
Natural l
drainage 4600 467 30 437
Mingus 6300 503 5 498
Three Bar 3500 653 53 600 I
*0
Nt
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Table 7. Water budgets of two peatland watersheds in northern Minnesota
. over the growing season May 1 to November 1 (taken from Bay,

1967).
Watershed Year P Q S ET Potential
b ET*
. (mm) (mm) (mm)  (mm) (mm)
S5-z 1961 513 89 -54 478 537
1962 578 152 -7 497 488
1963 509 81 -37 465 527
1964 597 165 -61 493 525
1965 579 132 -66 513 443
1966 572 141 -75 506 511
S-6 1965 575 104 -56 527 434
1966 545 134 -89 500 511

* As calculated by the Thornthwaite method.

Table 8 Water budget exercise for a hardwood-covered watershed, before clearcutting.

Year 1 Year 2

o o D JMW MAR APR MY JUM JUL  AUG STP  OCT 'V oo JW FIh M AR MY O JWN

PO I fMM=-="~=-cm-=2--==-- == cecereccccc-sr=-
1. Y aversge ranfall s3 101 11 98 10 48 22 4 I 4 36 12 so 120 o los %0 95 65 20 46
2. tniual il oisture 56 7 140 27 217 217 27 46 161 6 0O O 0 O 100 240 277 277 277 277 208
3. moeal Avalodle roismee 114 160 271 31 377 325 o4 250 152 107 36 12 S0 120 260 M5 Je7 372 342 297 254
.Y forancial BT &2 20 0 . 3 13 58 € 127 173 157 107 5 20 0 0 "y e
5. Y rcvual £T 7 2 o O 3. 13 s 8 127 107 36 12 3 22 o 0 3 13 58 8 127
s. "’;m‘““‘““ $7 wo 273 M1 374 32 6 161 € O 0 0 0 100 240 345 J6y Js9 26¢ 208 127
7. ¥ it woil musture s7 140 273 1M 29 119 246 161 “es o0 0 o 0 1loo 240 299 279 279 279 208 127
8. % ruote o o o 9 e 33 o o © o0 o8 o O O o0 6 8 8 5 0 0

v Average cver the watershed for each xonth of rocord.
2/ ar start of each month. Samw a8 “final soil roisture” of previous ronth.

Y aversge anmual valies (or thm month, as esti d by Th ite's
4 Total available moi or P al ET, whichever is smallor.

& At end of month, s-r:;.s -initial soil soisture” for maxt month. This V-\‘lm cannot be larger than the soil-water loldine capacity determinod for
od, tor t wa od 279 ™.

&/ Puoff comurs when tm m.mmq available mpisture excocds the water 'holding cipacity for the watershnd (279 .,

ERIC 13

Aruitoxt provided by Eic:



WEBAL Water and Energy Budgets /Brooks

Figure 1. The hydroiogic cycle.
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Figwre 2 Hydrologic components of a watershed system (taken from Anderson et al. 1976)
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Figure 4. Typical water characteristics of different-textural soils (adapted from USDA, 1961)
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Hydrologic Processes

The hydrologic and energy budget concepts discussed in the previous section provide the
basis for a more detailed look at the various hydrologic processes. Before we can truly understand
hvdrology and be able to predict the hydrologic consequences of land management activities, we must
understand the processes which govern the flow and storage of water within the soil-plant-atmosphere

system. .

Precipitation
Precipitation is the component of the hydrologic cycle with which most people are familiar.

We read about precipitation amounts and forecasts on a daily basis. As a process, however, most
people have a cursory understanding of why precipitation occurs and why it occurs where it does.
Hydrologists view precipitation as one of the major input components of 2 hydrologic study or
watershed system analysis. Although its importance to any hydrologic study is readily acknowledged,
we seldom have adequate precipitation data. Precipitation data networks need to be designed and put
into the field so that we can get the information where we need it, and when we need it. It is
essential that we understand the precipitation process and the factors which influence the amount
and distribution of precipitation over an area before such networks can be developed.

Precipitation occurs when three conditions in the atmospere are met: (1) the atmosphere
becomes saturated, (2) small particles or nuclei are present in the atmosphere upon which
condensation or sublimation can take piace, and (3) water or ice particles must coalesce and grow
large enough to fall under the influence of gravity. Saturation results when either the air mass is
cooled until the saturated vapor pressure is reached or when moisture is added to the air mass
(Figure 1). Rarely does the direct introduction of moist air cause precipitation. More commonly
precipitation octurs when an air mass is lifted, becomes cooled, and reaches its saturated vapor
pressure. Air masses are lifted as a result of (1) frontal systems, (2) orographic effects, or (3)
convection. Different storm and precipitation characteristics resuit from =ach of these lifting

processes.

Frontal precipitation occurs when two air masses of different temperature and moisture
content are brought together by general circulation and air becomes lifted at the frontal surface.
A cold front results from a cold air mass replacing and lifting a warm air mass. Conversely, 2 warm
front results when warm air rides up and over a cold air mass. Cold fronts are characterized by high
intensity rainfall of relatively short duration and usually have less areal extent than warm fronts.
Widespread, gentle rainfall is more characteristic of warm fronts. .

Orographic precipitation occurs when an air mass is forced up and over mountain ranges as a
result of general circulation. As the air mass becomes lifted, a greater volume of the air mass
reaches saturation vapcr pressure resulting in a general increase in precipitation with increasing
elevation. Once the air mass passes over mountains a lowering and warming of the air occurs, This
results in a rain shadow effect on the leeward side of mountain ranges.

Convective precipitation, as characterized by su. mer thunderstorms, is the resuvit of
excessive heating of the earth's surface. When the air adjacent to the surface becomes warmer than
the air mass above, lifting occurs. As the air rises and condensation takes place, the latent heat
of vaporization is released, mot+ energy is added to the air mass and consequently more lifting
occurs. Rapidly uplifted air can reach high altitudes where water droplets become frazen and hail
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forms or becomes intermixed with rainfall. Such rain or hail storms are of the most sever:
precipitation events anywhere. High intensity, short duration rainfall over rather limited area
characterize convective storms. Numerous thunderstorms can occur over a widespread area, however

and can cause flash flooding.
lriterception — Net Precipitation

Once rainfali or snowfall has occurred, the type, extent and ccndition of vegetation car
strongly influence the disposition and amount of precipitation reaching the soil surface. Denst
coniferous forests in northern latitudes and the multi-storied canopies of the tropics can catch an¢
store large quantities of precipitation which ultimately evapsrate and are lost from the watershed
In the tropics, over 70 percent of the annual precipitation may be lost via interception. As we
proceed to more arid or semi-arid environments, and more sparse vegetation, the interception losse:
become less important.  Table 1 summarizes interception losses of different vegetation types
Although we generally consider forests to havé the highest interception losses, ‘grasses .nay
intercept 10 to 20 percent of gross precipitation during periods when maximum growth has beer

attained.

Not all the precipitation which is caught by a forest canopy is lost to the atmosphere,
Much may drip off the foliage or run down the stems and thereby reach the .uil surface. Conversely,
not all the precipitation that penetrates the forest canopy becomes available for either soil water
or runoff. The litter which accumulates on the forest floor can store large quantities of
precipitation which ultimately evaporate. '

The amount of intercepted precipitation which is not available at the soil surface is
defined as:

where: | = interception loss in mm or inches

P_ = gross precipitation in mm or inches
h = throughfall in n\-1 or inches
f

S = stemflow in mm or inches

The partioning of a given quantity of rainfall into the above pathways is determined by the kind and
amount of vegetative cover. If we were to observe the interception process of a growing forest from
seedling stage to mature forest we would see that (1) T, would diminish over time as the canopy
cover increases, (2) Sf would increase over time, but would be rather small, and (3) the storage
capacity of vegetation and litter, as related primarily to leaf surface area, would increase
substantially. In general, conifer forests have a greater storage capacity (2mm) than hardwoods (1
ram). We must recognize, however, that the total interception loss from a forest stand is the result
of not only canogv interception, but also that of understory shrubs, grasses and forest floor

materials.

If interception losses were determined for individual storms, we would see that tne
precipitation and associated storm characteristics influence the interception process as well as
vegetation characteristics. The type of precipitation, whether rain or snow, the intensity and
duration of rainfall, wind velocity and evaporative demand affect interception losses associated
with individual storms. The interception of snow, although clearly visible for a conifer forest
immediately after snowfall, is usually not considered to be a significant loss. Much of the snow
caught by foliage reaches the soil surface by the mechanical action of wind or by melt and drip.
The process of interception during a rainstorm usually results” in greater losses than with snowfall
and can be visualized as in Figure 2. The total interception loss is determined by both the
evaporative demand during the storm and the storage capacity of the vegetation. 1f a storm were to
last over a fong period of time under windy conditions, we would expect the interception loss to

£
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exceed that from a storm . of equal duration but with calm conditions. Conversely, a high intensity,
short duration thunderstorm with high wind speeds may have the least amount of interception loss.
This would be explained by the action of wind which could mechanically remove water from the canopy
and, therefore, not allow the storage capacity of the canopy to be reached. With the short
duration, the effects of wind on evaporative loss would be minimal.

The hydrologic importance of interception as a loss component of the water budget of a
watershed is dependent upon several climatic, physical and vegetative characteristics. Because both
the evaporation of intercepted water and transpiration are energy dependent processes, the total
evapotranspiration (ET) loss for a period of time may be about the same for either process under the
same climatic conditions. Therefore, the evaporation of intercepted water woud not be a total
"loss" if balanced by a reduction in transpiration which would have ocurred had the canopy been dry.
This reasoning is valid only if rainstorms occur during periods when active transpiration would have

otherwise been taking place.

In most water budget studies, interception loss is considered to be an important storage
term which should be subtracted from gross precipitation. The result is net precipitation, or that
amount of precipitation that is available to either replenish soil water deficits or become surface,
subsurface or groundwater flow out of the system. Net precipitation can be determined from:

where: Pn = net precipitation in mm -
P_ = gross precipitation measured by rain gauges in openings,
in mm, and

| = interception loss in mm.

’

For simple plot studies, the above terms can be measured rather easily. An evaluation of net
precipitation over a watershed can, however, be quite complex. The spatial variability of canopy
cover type and:'extent, canopy stratification or layering and the storage capacity of plant litter
all affect the total interception loss for a watershed. Under certain climatic conditions,
the interception storage differences between species can result in water yield differences. In
regions where annual precipitation exceeds potential evapotranspiration (ET) and soil water rarely
limits transpiration, differences in water yield may be observed between say conifers and hardwoods.
Converting from hardwoods to conifers in the humid southeastern United States, for example, has
resulted in significant reductions in annual streamflow volume (Swank and Miner, 1968). Such
differences would not likely be observed in semi-arid regions because of the higher ratio of annual
potential ET to annual precipitation. The reasoning is that the difference in precipitation
reaching the soil surface, due to differences in interception, will on the average satisfy soil
water deficits. Thus, these differences in net precipitation will simply be transpired at some

later time.

The effects of forest canopies on the disposition of precipitation, particularly snow, also
have management implications for water yield improvement. Snow has a high surface area to mass
ratio and consequently is highly affected by wind patterns. Small openings within a conifer stand,
for example, experience eddies which deposit mcre snow than the adjacent forest. Also, much of the
snow intercepted by surrounding trees becomes mechanically deposited into these openings by wind.
Studies have indicated that by clearcuttng strips in conifer stands and orienting them perpendicular
to wind, the deposition of snow can be increased within the strips. In s ne cases this increased
accumulation results in an increase in water vyield.

Up to this point in our discussion, interception has been considered a loss from a
watershed. In some coastal areas, however, fog may be intercepted by vegetation foliage and by
means of coalescence and drip, may be added to the soil. In such cases, the greater the surface
area, the greater the inercepton input to the-water budg§.

a4



Q

ERIC

Aruitoxt provided by Eic:

HPRA1 /Hydrologic Processes/Brooks

Movement of Water Into and Through the Soil
The rate of net precipitation, once it reaches the forest floor or soil surface, depends

upon the soil surface conditions and the physical characteristics of the soil itselfe Of primary
interest are those factors which affect the rate at which water can enter the soil and the
subsequent rate of movement through the soil.

Plant material or litter on the soil surface influences the amount and rate of movement of
water into the soil surface. Litter can be viewed as two hydrologically distinct layers: (1) an
upper horizon composed of leaves, stems and other undecomposed plant material, and (2) a lower
horizon of decomposed plant material which behaves much like mineral soil. The upper horizon
protects the soil surface from the energy of raindrop impact which could displace smaller soil
particles into voids and effectively seal the soil surface. Plant debris als~ acts to detain any.
surface runoff which might occur and in effect minimizes overland flow. The 'ower horizon has a
substantial storage capacity, over 200 percent by weight in some instances. Thus plant litter is
important as both a storage component and as a protective cover which maintains an "opzn" soil
surface condition favorable for high rates of water entry into the surface.

The process by which water enters the soil surface is called infiltration. Infiltration
results from the combined forces of capillarity and gravity. If we applied water to a dry, medium
textured soil, a very rapid initial infiltration rate would be observed {Figure 3) This high
initial rate is due to the strong physical attraction of soil particles to water (capillarity). As
time proceeds and the soil water content increases, the rate of infiltration eventually becomes a
constant. At this time, infiltration is only as rapid as the rate. which the soil can drain under
the influence of gravity. The proce'ss of saturzted flow through the soil mantle under gravitational

forces is called percolation.

The flow of water through unsaturated or saturated soils can be described by Darcy's iaw
which states: :

Q =k A (delta H/L)

where Q = flow per unit time (cm3 sec) »
k = coefficient, of permeability for saturated flow or hydraulic conductivity for unsaturated
flow (cm3 cm™“  sec ')
A = cross—sectional area through which flow occurs (cmz)
delta H/L = hydraulic head gradient (delta H) across the length (L) of flow path (cm cm"1)

In the case of saturated flow, the coefficient of permeability (k) is a constant. For unsaturated
flow, the hydraulic conductivity (K) is used instead of k and varies with the water content in the

soile

The infiltration capacity of a soil (fm) is the maximum rate at which water can enter the
soil surface. At auy point in time, the infiltration capacity of a soil depends on soil water
content and other physical conditions such as the presence of soil frost. Actual infiltration rates
equal f_ only when rainfall or snowmelt intensity equals or exceeds f., (t - t3 in Figure 4). In
this case, the soil water content was high and rainfall intensity (Ri) exceeded infiltration
capacity resulting in surface runoff or ponding. The same rainfall intensity at a time of drier
soil (to - t4) would resuft in no surface runoff because the infiltration capacity is greater than
the rainfall rate, thus actual infiltration rate equals rainfall rate. .

Forest soiis are characterized by high infiltration capacities which are rarely exceeded by
rainfall intensity. Forest soils have rough surfaces and contain many large channels or pores in
addition to the interpore spaces associated with soil texture and structure. Soils associated with
other types of vegetation, in general, have lower infiltration capacities than forest soils. A
comparison of net infiltration rates (that part of ghb infiltration curve which becomes constant)

LY



Q

ERIC

Aruitoxt provided by Eic:

HPRA1 /Hydrologic‘ Processes/Brooks

for various vegetation and soil characteristics are illustrated in Table 2. The importance of the
storage capacity of a soil is clearly evidént, e.g., even sandy soils with forest cover have low
infiltration rates if the soil is shallow and underlain by bedrock.

Evapotranspiration
Evaporation from soils, plant surfaces and water bodies, and transpiration through plant

stomata are often considered collectively as evapotranspiration (ET)e Evapotranspiration is of
particular interest to watershed managers hecause it strongly affects the water yield
characteristics of an area and is often| influenced by forest and range management practices.

The evaporation process is simply the net loss of water from a surface by means of a change

in state of water from liquid to vapor. The requirements for evaporation or transpiration are:

(1Y a flow of energy to the evaporating or transpiring surface;

(2) a flow of vapor away from these surfaces; and

(3) a flow'of liquid water to these surfaces.
iIf one or more of these flows are changed, there is a corresponding change in the total ET loss from
a surface. Conditions that control the net flow of energy by radiation, convection, and conduction
to evaporating surfaces determine the amount of energy available for the latent heat of
vaporizations The albedo or reflectivity of the evaporating surface determines the proportion of
incident solar radiation that is absorbed by the surface. This absorbed solar radiation plus the
net longwave r-diation constitutes the net all-wave radiation which is available to evaporate water,
heat the air, or heat the soil systems When water is readily available, most of this net radiation
is utilized in the ET process. Some studies have shown that over 80 percent of net radiation is
utilized in ET for well-watered soils with a dense vegetative cover. As water becomes limiting a
greater proportion of the net radiation goes into heating the air and soil surfaces.

The ways in which net radiation becomes allocated to ET or other processes can be clearly
illustrated if we consider the "oasis effect."” Oases are islands of vegetation which have adequate
water supplies (usually artesian springs) but are surro.nded by desert. The net radiation in the
barren desert is largely zllocated to heating the soil surface and the air above, because water is
not available. Very high soil and .air temperatures result. Net radiation available at the oasis,
however, may be entirely allocated to ET. In some cases, ET rates in oases exceed the potential
ET*1 which is determined only by the net radiation. Such extremely high ET rates are caused by the
addition of advected sensible heat from the surrounding desert area. The surface area of the
foliage thus becomes important as a receptor of sensible heat which is added to the evaporating

surface.

The flow of vapor away from a surface is initially a diffusion process from a region of high
water concentration to a region of lower water concentration. The zone immediately above the
evaporating su-face through which only diffusion occurs is called the boundary layer. Above the
boundary layer, water vapor is more rapidly transported away from the evaporating surface by mass
movement due to turbulent eddy movement or wind. As wind and turbulence increase, the thickness of
this boundary layer diminishes which increases the rate of vapor flow away from the surface. This
explains the rapid evaporation rates observed during windy conditions.

Differences in the concentration of water in the atmosphere and the evaporating surface are
measured ‘as vapor pressure differences. The vapor pressure of a wet surface is a function of its
temperature. The vapor pressure of the atmosphere is a function of its temperature and its relative
humidity. Vapor flow occurs only when the vapor pressure of the evaporating surface exceeds that of
the atmosphere. Thus, the vapor pressure gradient is the driving force of the evaporation process.

The flow of water, both liquid and vapor, through the soil-plant-atmosphere system is
analogous to Ohm's Law. For a free—water surface the flow (current) is proportional to the vapor
pressure gradient (voltage) and inversely related to resistance as follows: ‘

-
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E = V‘P'D‘/rbl

where® E = evaporation flux
V.P.D. = vapor pressure gradient
| = resistance to flow (boundary layer).

The major resistance to evaporation from a free-water surface is related to the thickness of th
boundary layer. Under still air conditions, this resistance is large.

When we consider the flow of water through a soil-plant system the processes become mor
complicated. The flow of liquid water to the evaporating surface must equa! the flow of vapor awa
from the surface for the evaporation or transpiration rate to be sustained. If water were readil
available, the transpiration flux would equal:

T= s*/*p
i
where T = transpiration flux
* * = water potential gradient
r, = resistances within the soil-plant system.

Flow is always from a region of high water pctential (high energy status) to low water potentia
(low energy status) as iflustrated in Figure 5. The total water potential gradient, rather tha
strictly the vapor pressure gradient, is the driving force of water flow. The total flux i
inversely related, however, to several resistances including the soil (rsl) and those within th
plant. As the soil dries, the area through which water can flow diminishes and consequently th
resistance to flow increases. Within the plant, most resistances remain relatively constant, suc!
as the root cortex (r_), xylem (rx), and the cuticle (rcu) of plant leaves. The major "variabl
resistor! component o?a plant system is the stomata (rs). The stomata of plant leaves open an
close in response to environmental factors such as light, CO2 concentration, and soil-water content
Generally during daylight, stomata are open and plants transpire at rates proportional to the soil
water content. As soil water beomes limiting, stomata close (rs becomes large) and transpiratio
ceases. When soil water is abundant and plant stomata are open, the flux of water again become
dominated by the boundary layer (rbl) only this time at the leaf-atmosphere interface.

The effects of different vegetation types on the water budget are apparent when® we compart
the evaporation of a bare soil with the transpiration of both a herbaceous—grass cover and a maturt
forest (Figure 6). As long as soil water is abundant in all three cover types, evaporation anc
transpiration will occur at rates primarily dependent upon the net energy available, the vapoi
pressure gradient and wind conditions. Once the soil begins:to dry, however, the resistance to flow
within the soil becomes large enough to reduce the flow of liquid water to the evaporating soil
surface. Soil water depletion may only occur to depth "a! after a given period of time. Except for
very coarse soils, evaporation seldom depletes soil water below 0.6 — 0.7 meter depth. With
herbaceous vegetation the flow of water to the evaporating {transpiring) surface can continue for a
longer time period because plant roots grow and extend into greater depths (b) and extract water
which would otherwise not evaporate from the soil in the. given time periode The deep rooted forest
vegetation can extract water to depth "c" and will transpire until resistances to flow become large.
Obviously, a greater volume of water can be extracted by the deeper rooted vegetation. These
differences in soil-water depletion result in differences in water yield. Given a rain or snowmelt
event, more water will be required to recharge the soil under forest vegetation than the soil with
herbaceous cover. The least amount of water would be needed to recharge the bare soils
Consequentiy, the proportion of rainfall or snowmelt that will be yielded as streamflow will be
greatest for the bare soil and least for the forested area. By removing forest vegetation or by

. converting from a deep-rooted species to a shallow-rooted species, annual ET losses can be reduced

and water yield increased. The maximum changes in water yield for such conversions will be observed
in areas with deep soils.
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An example of the effects of thinning a forest stand on soil water content over an active
period of transpiration is illustrated in Figure 7. For clearcutting operations, such differences
in soil water storage would be over a larger area with a greater potential for increased water
yield. As vegetation grows back onto the site, soil-water depletion will increase and water yield

will be diminished.

Differences in transpiration rates and annual transpiration losses among different species
of vegetation can be attributed to factors other than rooting depth. The albedo or reflectivity of
a plant surface with respect to solar radiation can affect the energy available for transpiration.
The length of the growing season or the period of active transpiration can differ among species and
also result in water yield differences. For example, annual grasses typically have a very short
growing season and become dormant quickly as soil water becomes limiteds Some coniferous forests on
the other hand may transpire over much longer periods of time even during winter months when

temperatures are warm and soil water is available. !

Runoff
Runoff refers to the various processes and pathways by which excess water becomes

streamflow. Excess water represents that part of total precipitation. which runs off the land
surface and that which drains from the soil and is thus not consumed by ET. Some water flows rather
quickly to produce streamflow yet other pathways have a detention storage time which may take weeks
or months for excess precipitation to show up as streamflow. |If_we were to identify the major
pathways of flow and compare these with a streamflow hydrograph® from a watershed, the runoff -

process can be somewhat sin’1pli_fied (Figure 8).

A perennial stream, i.e., one which flows throughout the year, is most likely being fed by
groundwater, pathway "D" in Figure 8 This component sustains streamflow between periods of
precipitation or snowmelt and represents the relatively constant baseflow part of a hydrograph.
Because of the long and tortuous pathways involved, groundwater flow, hence baseflow does not

respond quickly to moisture input.

Once rainfall or snowmelt occurs, several additional pathways of flow feed streamflow. The
most direct pathway from precipitation to streamflow is that part which falls directly into the
stream channel, called channel interception (A in Figure 8). This component causes the initial rise
in the streamflow hydrograph and ceases soon after precipitation stops. Surface runoff or overland
flow occurs from impervious areas or areas in which the rainfall rate exceeds the infiltration
capacity of the soil (B). Some surface runoff is detained by the roughness of the soil surface, but
nevertheless represents a quick flow response to moisture input, second only to 'channel
interception. During a rainstorm, this component of the hydrograph would be relatively large for
-urban areas but typically insignificant for forested areas with deep soils.

Subsurface flow or interflow is that part of precipitation which infiltrates, yet arrives at
the stream channel over a short enough time period to be considered a part of the storm hydrograph,
illustrated as pathway "C" in Figure 8 This is considered to be the major contributing pathway of
storm hydrographs from forested watersheds.

The sum of channel interception, surface and subsurface flow is called direct runoff or
stormflow. Direct runoff is the part of the hydrograph of interest when we look at the flood-
producing characteristics of most watersheds.

Although we can conceptually visualize the four major pathways of flow, subsurface flow is
particularly difficulft to quantify or separate from the others. Also, the actual pathway from
rainfall to streamflow may in reality involve surface and subsurface flow. Water may infiltrate in
one area and exfiltrate downslope and run over the land surface for some distance. Conversely, some
surface runoff may coflect in depressions in the land surface to be evaporated or infiltrated at

. e .
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some later time. By viewing the total streamflow hvdrograph, therefore, we are seeing the total
integrated response of a watershed to some quantity of moisture input.

In forested areas with deep soils, the primary source of stormflow is from subsurface flow.
The mechanisms by which subsurface flow produces stormflow hydrographs have been explained by the
variable source area concept. This concept states that direct runoff is the result of slope water
movement and channel expansion {(Figure 9). Slope water movement occurs by percolation and by the
displacement of stored water. Thus, areas in depressions and areas adjacent to perennial,
intermittent and ephemeral channels usually have higher soil water contents than upslope areas, and
are the initial sources of stormflow. As rainfall continues a larger portion of the basin
contributes. Some areas in the ridgetops of mountainous watersheds may never contribute to
stormflow and would be considered recharge areas. As a rainstorm progresses, soils along stream
‘channels become saturated and surface flow results. This surface flow typically "collects in draws
to form intermittent and ephemeral channels which in turn increase the channel length during a large
storm to perhaps ten or twenty times the perennial length" (Hewlett and Nutter, 1969). This channel
expansion can reach areas upslope quickly which would otherwise not contribute to stormflow for a
much longer time period. .

The variable contributing area in forested watersheds has important implications with
respect to the impacts of land use activities on water quality. Areas adjacent to stream channels,
for example, would be the first areas to contribute dissolved and particulate material to
streamflow. |If we are concerned with the delivery of nutrients, chemicals, and sediments to
streamflow, our management guidelines should focus on those areas which most likely contribute to
runoff.

Notes

1. Potential ET is generally defined as the rate of evaporatioh and transpiration which
would take place from a completely vegetated area and one in which soil water was not limiting.

2. A streamflow hydrograph is the graphical relationship of streamflow discharge (m3/sec)
plotted against time.
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Figore 1. Processes by which an air mass becomes saturated; (a) the
moisture content of the air increases or (b} temperature

decreases.
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Table 1. Selected interception losses from different vegetation types
as a percent of gross precipitation (taken from Dunne and
Leopold, 1978).

Median Interception
Vegetation {% of gross precipitation®
Deciduous forests 13

Coniferous forests

North America 27
Europe 35
Al falfa 36*
Oats : .7
Spring wheat 10-35*

* During growing season only.
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Figure 2. Interception loss during a rainstorm (from Leonard, 1961).
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Figure 3. Infiltration capacity for an unfrozen mineral soil, .
illustrating the initial rapid infiltration due to capillarity
(1) and the constant rate caused by gravity flow (l1).
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Figure 4.

Relationships batween infiltration capacity, rainfall
intensity ana actual infiltration rates.

INFIL ie,q 7/0N CAPACITY

INFILTRATION
RATE
OR
RAINFALL
RATE

(mm/hr)

SURFAcCE

) ROUNOFF
&

\i

N

SCIL WATER CONTENT

Table 2. Net infiltration

rates in mm/hour for unfrozen scils (taken frym
_>Gray, 1970).

Soil Bare Row Poor Small Good
Category Soil Crops Pasture Grains Pasture Forested
l 8 13 15 18 25 76
" 3 5 8 10 13 15
] 1 2 3 4 ) 5 6
v <1 <1 <1 <1 <1 <1
I = Coarse-medium text. soils over sand or gravel outwash
Il = Medium text. soils over medium text. till.
It =M
v

*Medium and fine text. soils over fine text. till.
= Soil over shallow bedrock.
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Figure 5. A diagrammatic representation of soi1-p1ant-§tmosphere
resistances to water flow and the corresponding water
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S~ Figure 6. Comparison of soil-water depletion {cross-hatched area) of
bare soil, herbaceous cover and forest cover.

Forest
Cover
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Figure 7. Comparison of soil-water distribution beneath a thinned and
unthinned stand of loblolly pine (from Douglas, 1965).
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Figure 8. Relationship batwean pathways of flow from a watershed and
the resultant strzamflow hydrograpin.
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Figure 9. Variable-source-area concept; cross-hatched araa represents
contributing areas early (A) and late (B) in a rainstorm.
Hote the chinnel expansion over time.

O

ERIC

i o SR 15



pptameas /[Measurement of Precipitation/Thames

Measurement of Precipitation
John Thames

Purpose: to acquaint the participants with:
1. Factors affecting the accuracy of precipitation meaasurements
2. Methods of gauging precipitation
3. Techniques of estimating average precipitation for a watershed
4. Analyses of rainfall records.

Input (precipitation)
The measurement of precipitation is an integral part of maost hydrologic projects.

Information on precipitation — amount, intensity, type, frequency, duration —- is essential to much
of the research and to the development of operational programs in the management of watershed lands.
Although a wide variety of gauges have been developed, the basic method of making measurements has
remained unchanged since 1400, when rain gauges — similar to those now in use — were first used in
Korea. The major problems have usually been to make point measurements accurately and to

extrapolate point values to estimates for areas.

Types of Gauges (Point Measurements)
Three types of precipitation gauges are now in general use: (1) the standard gauge —- size

varies with standards established in individual countries — (usually re.d after each storm svsant or
.1 relatively short predetermined time intervals); (2) the storage gauge (manufactured in several
sizes and read only periodically); and (3) the recording gauge (records rate of precipitation as

well as depth).

It has been shown that over a 16-year period the difference in rainfall catch between a
standard gauge and a weighing-recording gauge was less than 0.05 percent. Properly uxposed,
calibrated, and evaluated, the 8-in. diameter weighing rain gauge yields hourly precipitation values
with standard error of about 0.01 in. so that reliability within 0.02 may be assumed.

Gauges with several different orifice dlameters seem to measure rainfall with about the same
degree of accuracy. It has been found that rain gauges with orifices 2 to 24 inches in diameter do
not vary by more than 1 or 2 percent in accuracy of measurement.

Errors In Point Measurement of Precipitation
The effects of wind are due primarily to an increase in pressure on the windward -ide of the

gauge, a decrease in pressure and 2 marked acceleration of wind over the top of the gauge, and eddy
currents over and within the orifice. As wind speed normally increases with height, the higher the
coliector is placed above the ground the greater will be the error due to wind effuct.

The catch of an unshielded 8-in. gauge, even when only moderately exposed to the wind, is
about 5 percent less than the true precipitation.

Improving the Accuracy of Point Measuremests
To correct the errors due to wind turbulence, several types of windshields have been

developed The most notable of these are the Nipher and Alter shields. Windshields are designed to
divert the flow of air down and around the rain gauge to eliminate updraft in the region of the
orifice, thus placing it in an undisturbed flow of air.
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The relative effectiveness of the Alter and Nipher shields has been investigated on a total
catch basis. The general consensus is that the Nipher shield was superior for reducing wind errors.

The pit gauge probably gives the most accurate measurements of rainfall at a point. When
the rain gauge is placed in a pit with its orifice level with the land surface, any deleterious wind
effects on the gauge are diminished. However, pit gauges are inadequate for snow measurement. And
for extensive rain gauge networks, the increased accuracy may not warrant the additional cost of
installing and maintaining pit gauges.

Selection of Raingauge Sites
Three general types of natural parameters which affect the variation in amounts of

precipitation over an area are: (1) weather itself, in terms of area distribution of condensation
processes and types of circulation of and within storms; (2) topoography gf a scale large enough to
affect the weather; (3) smaller scale terrain effects which influence the performance of the gauge.
The selection of a gauge site, which is representative of the surrounding arza. will be influenced

primarily by factor (3).

Local anomalies in the rainfall pattern may be produced by small-scale topographic
influences or by obstructions which distort the wind pattern in the immediate vicinity of the gauge.
This distortion may make the particular gauge site nonrepresentative of the general region,
introducing an error in the determination for the area. In, regions of flat topography, this factor
is usually of minor importance. In mountainous terrain, it miay account for much of the variation in
precipitation measurements. Variation in precipitation may be attributed in some cases to
variations in the local exposure of gauge sites rather than in ac./3! differences in the

distribution of precipitation.

.An ideal exposure would eliminate all turbulence and eddy currents near the gauge.
Individual obstructions, whether a building or a tree, may set up serious eddy currents and, as a
general rule, should not be closer to the gauge than twice (preferably four times) the height of the
object abiove the gauge. When objects are numerous and uniform, such as in a forest opening, their
height above the gauge shouid not exceed about twice their distance from the gauge.

At exposed sites, compensate for the lack of natural protection by shielding or by using pit
gauges. The Nipher shield is recommended if the precipitation is primarily rain, the Alter shield
if a substantial portion of the precipitation is snow.

Measurements for Areas
Fairly wide variations in precipitation exist in areas of level terrain as well as in those

of considerable relief. Most of these variations are due to storm type, elevation, aspect, land
slope, wind direction, and wind speed. .

Assuming that individual records used are reliable, the accuracy of an estimate of area
rainfall seems to depend primarily on the actual range of rainfall within the area, and on the
number of records used. For a given number of stations the accuracy of the average is proportional
to the range of variation between the amounts for the different stations.

The fairly - wide variations in precipitation, due to storm type or terrain, point out the
fallacy of taking the records of one station as representative or typical of large areas. It should
also be kept in mind that the sampling area of a standard 8-in. rain gauge is only 8 x 107" acre in

size.

How accurately 2 point rainfall measuren:ient represents the mean rainfall for areas of
varying sizes in the vicinity of the point observation is pertinent to the design of rain gauge
networks and to the interpretation of data.
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Number of Gauges Required

An example for locating rain gauges in agricultural watersheds ranging in size from 23 to
330 acres is given in Table 4 Considered here are both.area distribution and site exposure
requirements for areas with a continental type of climate, where heavy precipitation often occurs as

a result of thunderstorms.

The wse of random sammpling as a means of excluding bias in the selection of gauge sites and
for estimating the number of gauges needed is suggested. Random sampling also lends itself to
standardized statistical methods of analyses. However, in areas of dense brush or forest, this type
of rainfall sampling may not be practical owing to the difficulty of obtaining adequate sampling

sites.

Rainfall variability on a watershed for monthly, seasonal, or annual periods can be
estimated at much lower operating cost by using a regular network which is read after each storm
event. By reading storage gauges monthly or seasonally, the effects of storm types on variability
may be lost, but systematic differences in precipitation between parts of the watersheds for these

longer periods can be estimated.

Methods of Calculating Mean Watershed Precipitation i
The mean depth of precipitation over a watershed is required in most hydrologic
investigations. Several procedures are used in deriving this value. The three most common are the

arithmetic, the Thiessen, and the isohyetal methods.

Arithmetlc Method —~ A straight arithmetic average is the simplest of all methods for estimating the
mean rainfall on a watershed. This method yields good estimates in level terrain if the gauges are
numerous and uniformly distributeds Even in mountainous country with a dense rain gauge network,
arithmetic averages will yield fairly accurate results if the orographic influences on precipitation
are considered in the selection of gauge sites, However, . gauges are relatively few and
irregularly spaced and precipitation over the area varies considerably, the arithmetic mean is
iikely to differ greatly from the results derived by other methods.

Thiessen Method — This method involves determination of an area of influence for each station.
Polygons are formed from the perpendicular bisectors of lines joining nearby stations. The area of
each polygon is determined and is used to weigh the rainfall amount of the station in the center of
the polygon. The entire area within any polygon is nearer to the rainfall stations contained
therein than to any other, and it is, therefore, assumed that the rainfall recorded at that station
should apply to that area. The results are usually more accurate than the arithmetic average unless
a large number of gauges are used. The Thiessen method allows for non-uniform distribution of
gauges by providing the weighting factor for each gauge.

The method assumes linear variation of precipitation between stations and makes no attempt
to allow for orographic influences.

Isohyetal Method — In the isohyetal method, station location and amounts are plotted on a suitable
map, and contours of equal precipitation (isohyets) are drawn. The average depth is then determined
by computing and dividing by the total area. Many investigators indicate this as theoretically the
most accurate method of determining mean watershed precipitation. But it is also by far the most

laborious.

The accuracy of the isohyetal method depends upon the skill of the analyst. An improper
analysis may lead to serious error. If linear interpolation between stations is used, the results
will be essentially the same as those obtained with the Thiessen method.
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Summary
In evaluating the accuracy of precipitation measurements on watersheds, consideration must
be given to errors due to (1) failure of the rain gauge to represent actual point rainfall and (2)
extrapolation of point rainfall to area values.

The accuracy with which a gauge measures piecipitation at a point is influenced by many
factors, the most important of which is wind (exposure). Under exposed conditions, wind action on
the gauge tends to reduce the catch. The precision of point rainfall measurements may be increased
by using a Nipher windshield on the gauge or by placing the gauge In a pit with its orifice parallel
to the slope of the ground. Tilted gauges have improved the catch at exposed mountain sites,
especially when precipitation falls at large inclinations from the vertical. However, they are not
recommended unless considerable study i made beforehand.

Fairly wide variations in precipitation have been shown to exist in areas of level terrain
as well as those of considerable reliefe Most of these variations are accounted for by storm type,
elevation, aspect, land slope, wind direction, and wind speed. Enough gauges must be used to sample
adequately the variations to obtain reliable estimates of area. The average difference between
point and area mean rainfall increases as the storm size increases, and it decreases as sampling
time increases. The relative variability tends to decrease as storm mean rainfall increases and as
the totalizing period is increased. Standards of accuracy for area averages should be modified in
inverse r:lation to the size and importance of storms to avoid using an impractically large number
of rain gauges. .

For areas of relatively flat terrain, a uniform distribution of gauges is best for
determining amount and variability of precipitation. In mountainous areas, however, altitude and
aspect as well as area must be fully sampled to derive accurate estimates of precipitation over a
water shed.

The fairly wide variation in precipitation, owing to storm type or terrain, points out the
fallacy of taking the records of ons station as representative of large areas. Whether a gauge site
is representative of an area can be determined only by sampling the immediate vicinity with several
gauges to obtain a measure of existing variation. To calculate mean basin precipitation on
watersheds having well-designed rain gauge networks, th: Thiessen method is the most expedient to
use.
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Table 1. Approximate errors in precipitation measurement.
(from Kurtyka, 1953)

Factors Percent Error
Evaporation -1.0
Adhesion ~0.5
Color , 0.5
Inclination -0.5
Splash +1.0
Subtom . -1.5
Exposure =50 to =800

Table 2. Effect of gauge height on rainfall catch

Height above 2 4 6 8
ground (cm)
Rainfall {mm) 105 103 102 101

100 500 - 2000

100 95 90
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Table 3. Effect of shielding.

Wind velocity Percent increase in
o~ (mepah) shielded gauge catch
Rain Snow

0-30 4 E

30-75 40 69

> 75 42 300

Table 4. Measurement of precipitation on experimental agricultural
watersheds.

Size of drainage area Minimum number of
(acres) rainfall siations

1
2
3
1 per 100 acres

1 per 250 acres
2500 to 5000 1 per square mile

over 500 1 per each 3 square miles*

£888o
§8888
REEES

** This recommendation will often be impractical in watersheds of more than 20 square miles. For

larger areas, strive for good distribution with as many rainfall stations as can be properly
maintained and serviced.

Rain gauge chart.
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Stream Flow Measurenents — Stream Gauging

John Thames

Purpose
1.  To define some of the principal terms used ‘to describe the discharge from a watershed.

2 To acquaint the student with methods used for gauging stream flow.

Measuring Stream Flow
Stream flow data is perhaps the most important information needed by both the engineer and
the water resource manager. Peak flow data are needed in planning for flood control or engineering
structures (e.g., bridges, culverts, etc.)e Minimum flow data are required for estimating the
dependability of water supplies. Total runoff and its variation must be known for design purposes
(e.g., investigation works, storage reservoir, etc.).

The stream hydrograph is a record of the discharge of a watershed as it changes with time.
It provides a record that shows the integrated effects of the hydroiogic processes which occur in a
watershed and, therefore, the hydrologic condition of the watershed.

Analyses of single storm hydrographs (the reaction of a stream to a rainstorm event or
period of snowmelt) can indicate the condition of a watershed and provide information on the effects
of land use and management practices (see Fig. 1). Storm hydrographs can be separated into
components of quick return flow (primarily surface runoff) and subsurface runoff (base flow and

interflow).

The stage of water in a stream is readily measured at some point on a stream reach with a
staff gauge or a clock—driven water level recorder. The problem is to convert a record of the stage
of a stream to discharge or quantity of flow per unit of time. This is accomplished either by
stream gauging or with pre-calibrated structures such as flumes or weirs constructed in the stream.

Stream gauging i
In stream gauging, this requires the development of a rating curve or rating table which,

indicates the relationship between stream discharge and stream stage (see Fig. 2).

Discharge can be computed if the velocity and cross sectional area of the stream are known.
The stage can be measured from a reference level (usually some point in the stream bed) to the
surface of the water. When a sufficient number of stages and their associated discharges have been
measured a rating curve can be constructed similar to the one shown in Fig. 2

One of the simplest ways of measuring discharge is to observe how far same floating object
tossed into the stream travels in a given length of time. A measurement of the cross sectionai area
of the stream should be made simultaneously; the two should then be multiplied together:
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VA

1}
o

where V = the velocity in feet per second
A = the cross section in square feet
Q ='the discharge in cubic feet per second.

However, a simpie measurement such as this would not.be very accurate, particularly for a large
stream because velocity varies from point to point With depth and width over the cross section of a

stream.

Ideally, the velocity profile of a longitudinal section of a stream would appear as shown in
Fig. 3. . A

The velocity at the surface is- greater than the mean velocity of the stream; thus, a
reduction factor is needed if the velocity is measured at the surface. Generally it is assumed to
be about 85 percent. .

From the preceding, the velocity profile of a stream would appear as shown in Fig. 4.
However, because of the roughness, configuration, and turbulence of natural streams such ideal
profiles would seldom exist. Since the discharge of a stream is the product of its cross sectional
area and the mean velocity, accurate measurements of both these quantities are needed to construct
an accurate rating curve.

If the cross section of a stream is divided into finite vertical sections, the velocity
profile can be estimated by measuring individually the mean velecity of each section. The area of
each section can be determined and the average discharge of the entire stream is then computed as
the sum of the product of area and velocity of each section as follows:

where n = the number of sections.

. The greater the number of sections, the closer the approximation. However, for practical purposes,

10 sections are usually sufficient under ideal conditions, but 20 are commonly used. The actual
number then depends upon the stream's channel and the rate of change in the stage. The following
rules should be observed: (1) depth and velocity should not vary greatly between verticals, and (2)
the measurements should be completed before the stage changes too much (a 0.5 foot change is too
much for most cases). ’

There are two ways of approximating areas. They are: (1) the midsection method where each
vertical is considered the midpoint of a rectangular subsection extending halfway to the midsection
of the other vertical, and (2) the mean section method where each section is considered a trapezoid.
The midsection method is most commonly used (Fig- 5).

Velocity and depth of verticals can be taken by wading into the stream, from cable car, boat
or bridge. Velocity is usually measured with a current meter. There are several ways of performing
a velocity measurement. Consider -again the longitudinal velocity profile (Fig. 3). For depths
greater than 1.5 feet, two measurements are made for each section at 20 and 80 percent of the total
depth. For example, if the depth of water at a station is 1.8 feet, the current meter is set at .2
x 1.8 = .36 foot and at .8 x 1.8 feet = 1.44 feet-below the water surface. For depths less than 1.5
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feet the current meter is set at .6 of the depth, For shallow streams less than .5 foot, a pygmy
meter is used which is simply a smaller version of a current meter.

The most critical aspect of stream gauging is the selection of a control, that is, the point
on the stream for which a rating curve is to be developed. Thus many sections of the channel which
act as controls during low stages will have almost no effect on the water surface at points

upstream.

Except in places where 2a rock outcrop creates either a waterfall or a rapids with
considerable drop, a longitudinal river profile is a practical necessity in determining the location
of the various controls in any given length of stream channel. The best contro} is the one that is
the most nearly permanent and that functions as a control throughout all stages of the river.

There must be of course a nearby gauging station equipped with a water stage recorder that
"has hydraulic connections with the water in the streame

Figure 1. Idealized hydrograph.
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Figure 2. Rating curva.
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Figure 3. Longitudinal section of a stream.
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Figure 4. Vertical velocity profile of a stream.

Figure 5. Measurements neaded to record channel cross section and

velocity.

CROSS SECTION
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e W = width, feet
D = depth, feet
Q= V = velocity, feet per second
Q = discharge, cubic feet per
, second
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Precalibrated Structures for Stream Flow Measurement

Purpose
1.  To acquaint the participant with the common structural devices used to measure streamflow.
2. To provide design and construction criteria for flumes and weirs.
3. To give the student practice in analyzing stream flow records.

Weirs and Flumes
~On small watersheds, particularly experimental watersheds, precalibrated structures are
often used because of their convenience and accuracy.

Small watersheds include those of a few to about 1,500 acres. Such watersheds are small
enough so that construction of an artificial control is not impractical. On larger streams, gauging
is usually done by using natural controls as discussed in the preceding section.

The most common types of precallbrated structures are weirs and flumes. The various
objectives for which stream-gauging stations have been built have resulted in many different designs
for weirs and flumes. Weirs are often preferred for gauging small watersheds particularly those
with perennial flows. Where heavy sediment-laden flows are common, flumes are often more
convenient. A flume is a stabilized channel (without an impoundment) with access to a stilling
well. Flumes also must be used where the gradient of the stream is particularly low.

Weirs or flumes can be constructed of a great many materials. Concrete, because of its
strength and permanence, probably is used the most. Treated wood, concrete blocks, metal, and many
other materials are also useds The notch of a weir is often a steel blade set into concrete, and
flumes are often lined with steel for permanence.’

Weirs '
As used here, weir includes all components of a stream-gauging station that incorporates a

notch control (Figures 1 and 2). An impr ‘dment of water (the weir basin) is formed upstream from
the wall or dam containing the notch. + .tilling well with water-level recorder is connected to the
weir basin. A gaugehouse or some other type of shelter is provided to protect the recorder.

The cutoff wall or dam is used to divert through the notch all water (above or below the
streambed) moving down the channel. Where possible, the cutoff wall is tied into bedrock or other
impermeable material so that no water can flow under or around it. But where leakage is apt to
occur, the weir basin is sometmes constructed as a watertight box.

o .

The edge or surface over which the water flows is called the crest. Weirs can be either
sharp crested or broad cresteds A sharp-crested weir has a blade with a sharp upstream edge so that
the passing water touches only a thin edge and springs clear of the rest of the crest.

A broad—crested weir has a flat or broad surface over which the discharge flows. Broad-
crested weirs are generally used where sensitivity to low flows is not critical and where sharp
crests would be dulled or damaged by sediment or debris.

The sheet of water flowing over the weir is the nappe. The weir has free discharge if the
nappe discharges into the air: air circulates freely on all sides of the flow issuing from the weir

notch.

o
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As the nappe flows through the notch, the velocity of flow increases and the nappe cioss
section is reduced or contracted. The contraction is affected by the shape of the notch and basin’
characteristics immediately upstream from the notch.

Where the depth of water from the crest to the basin flow is less than 25 times the head of
water over the crest, the crest contraction of the nappe is partially suppressed. Veiociz, of
approach will increase, and actual discharge will be greater than that shown by the normally used
formulas and tables (Fig. 1).

If the basin is the same width as the crest, the weir has its end contractions suppress:d.
For complete end contractions, the distance from the edge of the notch to the side of the weir basin
or channel should be at least 2.5 times the head being measured. A narrower weir basin or channel
results in increased velocity of approach and increased flow for a given head.

For best results, the velocity of approach should be held to a maximum of 0.5 foot per
seconde Where velocities of approach are appreciable, the discharge should be corrected.

Water discharging over the crest of a welr drops slightly in elevation immediately upstr:am
from the creste This decrease is caused by the water's acceleration in velocity as it approa:hes
the crest. Such a drop is called surface contraction or drop—down. In sharp-crested weirs, the
effect of this surface contraction extends upstream from the crest a distance twice the head of
water flowing over the crest. Therefore, the intake to the stilling well should be located upstream
from the crest a distance equal to or greater than twice the head of the maximum anticipated flow
(Fige 2)e Fully contracted weirs are generally preferred in research.

The rectangular weir has vertical sides and horizontal crest. Its major advantage is its
capacity to handle high flows. However, the rectangular weir does not provide for precise
measurement of the low flows of small experimental watersheds — a small increase in head will give

only a slightly increased discharge.

The trapezoidal weir is similar to the rectangular weir. Its sides, of course, are sloped
from the vertical. It has a smaller capacity than a rectangular weir of the same crest length; the
discharge is approximately the sum of discharges from the rectangular and triangular sections.

Sharp-crested V-notch o triangular weirs are often used where accurate measurements of low
flows are important. The V-notch weir may have a rectangular section above to accommodate
infrequent high flows.

The two most common sharp—crested V-notch weirs are the 90° notch and the 120° notch, with
metal blades ground to a sharp edge and built into a concrete cutoff wall. The 90° type gives
greater sensitivity at low flows; the 120° type cnvers a wider range of flows. V-notch weirs are
usually constructed to accorpm‘odate heads up to 2 feet; however, both in the United States and
elsewhere V-notch weirs capable of handling gauge heights in excess of 2 feet are in use (see
Appendix A).

Broad-crested triangular weirs with 2:1, 3:1, and 5:1 side slopes (with notches
approximately 127°, 143°, and 157° respectively) were developed and rated by the Soil Conservation

Service for measuring flows up to about 1,000 cfs. The shape and thickness of the crest permits

comparatively free passage of debris and minimizes the effect on the stage-discharge relationship of
small irregularities of the crest and of trash temporarily lodged on the crest. A reasonably
straight and practically level channel for 50 feet above the weir, with the notch 6 inches above the
bottom of the approach channel, is essential for accuracy (see Appendix B).

o4
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Filune
A flume is an artificial open channe! built to contain flow within a designed cross—section

and length. The types of flumes that have been used on small watersheds are described here.

HS, H, and HL flumes developed and rated by the Soil Conservation Service have converging
vertical sidewalls cut back on a slope at the outlet to give them a trapezoidal projection. These
have been used largely to measure intermittent runoff. Maximum depths of waterflow are 1 foot for
the HS type, 45 feet for the H type, and 4 feet for th. HL type. Maximum flows are 0.8, 84, and
117 cfs, respectivelye These flumes are in use at many Agricultural Research Service installations
and a number of other locations (See Appendix A).

The Venturi flume (Fige 3) has a gradually contracting section leading to a constricted
throat and an expanding section immediately downstream. The floor of the Venturi flume is the same
grade as the stream channel, whereas that of the Parshall flume (described beiow) is depressed in
the throat section. Stilling wells for measuring the head are at the entrance and at the throat;
the difference in head at the two wells is related to discharge. Venturi flumes are rectangular,
trapezoidal, triangular, or any other regular shape. They are widely used in measurement of
irrigation water. :

The Parshall flume, a modification of the Venturi flume, measures water in open conduits and
is widely used, especially for measuring irrigation water. It consists essentially of a contracting
inlet, a parallel-sided throat, and an expanding outlet, all of which have vertical sidewalls. It
can measure flows under submerged conditions. Two water-level recorders are used when measuring
submerged flow, one in the sidewall of the contracting inlet and the other slightly upstream from
the lowest point of the flow in the throat. When measuring free flow, only the upper measuring

point is used.

The San Dimas flume (Fig. 4) was designed on the San Dimas Experimental Forest of the U.S
Forest Service to measure debris-laden flows in mountain streams. It is rectangular and has a
sloping floor ( 3 perceat gradient) that functions as a brcad-crested weir except that the
contraction is from the sides rather than the bottom; therefore, there is no barrier to cause
sediment depositon. Depth measurements are made in the parallel-walled section at about the
midpoint. Rapid flow keeps the flume scoured clean.

The types of weirs and flumes that have been discussed are thcse most used in research. |In
some cases, structures have been built to incorporate features of more than one type — for example,
a 90° V-notch recently built into a Trenton-type weir at the Pennsyvania State University. When a
wide range in flow or sediment load is anticipated, it may be advantageous to instzil more than one

device at the same site.

Sumwary
The type of flume or weir to be used depends upon several factors: maximum and minimum

flows; accuracy needed in determining total discharge, high flows, and low flows; amount of sediment
or debris that is expected, and whether it is suspended or bedicad; channel gradient; channel cross-
section; underlying material; accessibility of site; financial limitations; and length of study.

Maximum and minimum flows likely to b2 encourtered must be estimated before construction.
Such estimates can 5e made from observation of high and low flews and high watermarks and from
information given by local residents, or they might be based on the area of the watershed and
records from other gauging stations in the region. Maximum expected flood pcaks can also be
estimated from rainfall, soil, and cover data, using a method developed by the U.S. Soil
Conservasion Service. Assistance should bc sought from the U.S. Geoological Survey and U.5. Soil

Conservation Service, if this approach is needed.
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The maximum and minimum flow to be measured at any degree of precision depend upon the
objectives of the study and the extremes that might occur. In some cases, a gauge will be adequate
if it will measure, with acceptable accuracy, 80 to 90 percent of the flow. These limits exclude
extreme peaks and very low flows. However, the structure must be strong enough :o withstand the

highest flow expected.

Once maximum and minimum estimzies are made, reference to rating tables for various
structures or to formulas for competing flow will show the types and sizes of installations that can

. be used. Maximum and minimum discharges for several types of weirs and flumes are given in Table 1.

Rating tables will also show the relationship between the increase in discharge and the
corresponding rise in head at various stage heights. This association indicates the sensitivty of
the gauging station at different levels of discharge.

)

Rating can be simplified by choosing a design for which a state-~discharge relationship has
been determined in the laboratory. After construction, the laboratory rating should be checked at
various gauge heights by direct measurement with current meter, velocity head rod, or another
inswument for determining velocity, or by volumetric measurements.

Where excessive amounts of suspended sediment, bedload, and floating debris are encountered,
flumes are preferable. Weirs would be unsatisfactory because the basin would trap this material,
which would alter the weir rating, and debris would clog the crest of the weir, giving grossly
inaccurate measurements. Broad-crested weirs are often used on agricultural watersheds where grass
and other debris would lodge on a sharp-crested weir and invalidate the rating curve.

The gradient of the stream channel may affect choice of design. |f the gradient is too low,
it may be impossible to install a weir that will meet the requirements of a standard rating (depth
of water below crest equal to at least 25 times the maximum head to be measured)s A control with

_less evaluation may have to be built, and the station will then have to be rated by current meter or

other means.

The channel crosc section and streamdanks may dictate design. Under some conditions, a
cutoff wall high enough to satisfy rating requirements would have to be of considerable length to
tie into solid material at the sidess The cost of such a wall might rule out this type cf
installation.

Underlying marterial must be considered. If permeability is a problem, either a watertight-
box weir design, which can support an artificial head of water, or a flume will be necessary.

With weirs, sharp crests give greater accuracy than broad crests. Blades of sharp-crested
weirs are constructed of angle iron or steelplate, ground to a sharp edge or to a flat edge one-
sixteenth inch wide, and set into concrete cutoff walls or dams. Blades may be dented, bent,
rusted, and clogged with debrise In many locations they must be screened to prevent clogging, and
care should be exercised when working near them; some maintenance, such as annual painting, is

required.

Flumes are often satisfactory where weirs are impracticable. They can handle debris-laden
flows better; even so, such flows may be difficult to measure. with flumes, velocity of approach is
less of a problem than with weirs. There is less loss in head with flumes than with weirs; thus,
they can be used in channels with low gradients. This is one of the main reasons why flumes are
used in measurement of water for irrigation. And flumes, requiring no excavation for ponding, may

be easier and cheaper to install.

Details of construction of an H-flume asd V-notch and sharp—crested weirs are given in
Appendixes A and B. Methods for computing rainfall intensity from recording raingauge charts and
for computing runoff from a stage recorder chart are giver in Appendix D.
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Literature
‘Much of this section was taken directly from the following publications:

Internaticaal Symposium of Forest. 1965. Edited by W. E.
Sopper and H. W. Lull Pergamon Press.

Field Manual for Research in Agricultural Hydrology. 1961
Agriculture Handbook No. 224, ARS.—U.SD.A

Stream—gauging Stations for Research on Small Watersheds.
1964 K. G. Reinhart and R. S Pierce.

Table 1.

Maximum and minimum discharges for several types of weirs and flumes in
cubfc feet per second (approximate).

WEIRS
Mini- Maxi-
Type mm mum
Sharp-crested weirs:
2 feet high, 90° V-noich <0.001 14
2 feet high, 120° V-notcn <,001 24
2 feet high, 6 feet wide rectancular 124 56
2.75 feet high, 8 feet wide Cisolletti .30 123
4 feet high, 12 feet wide Cipolletti ' g6 323
Broad-crested weirs:
Triangular 2:1 sice slones 22 017 3510
Triangular 3:1 side slones’ 2,025 3803
Triangular 5:1 side slopes 2,037 31,540
2 fewt high Columbus deep notch .026 62
FLUMES
HS type:
0.4 foot high 10.001 0.1
1.0 foot high 1,002 .8
H tyoe: . 1
1.0 foot high .- 004 2
2.0 feet high ‘.097 1
4.5 feet hich <015 8
HL type:
4.0 feet high .03 n7z
San Dimas:
1 foot wide .1 6
3 feet wide 2 77
' 6 feet wide 10 318
10 feetl wide 36 1,000
Trapezoidal:
1-foot-wide throat, 4 feet high, .
30° side slopes. .15 350
Parshall:
1 foot wide, 2.5 feet high .4 16
2 feet wide, 2.5 feet high .7 33
4 feet wide, 2.5 feet high _ 1.3 68
8 feet wide, 2.5 fee* high. 4.6 140

Flow at 0.05-foot head.

2Flow at 0.1-foot head.
*Flow at 6-foot head with cross-s=ctional area of 300 square feet

in the channel of approach 10 feat upstream from center of crest.
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Figure 1: Types of notches.
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Stream Flow Estimations — Simple Field Methods
John Thames.

Purpose: To acquaint the participant with simple field methods of estimating stream
discharge.

Flood flows and high peak flows are often of primary interest, particularly in determining

" downstream effects of land use, and for the design of engineering structures. Although it is rare

for a field survey to coincide with a peak flow event, a measurement at any stage of flow can be
very useful.

Surface floats are the simplest method of measuring the velocity of a stream and thereby
estimating the volume of streamflow. A float is thrown into the center of the stream and the time
it takes to travel a measured distance of stream reach is observed. Velocity is calculated as:

V =L/t

where V = velocity
L = length of stream reach, and
t = time

The wolume of flow (discharge) is determined by
Q=AYV

where Q = discharge in volume per unit of time and
A cross—section at the mid-point of the stream reach.

The cross-section area of the stream is best determined by summing a series of cross—section
segments across the channel as shown in the section on stream gauging. The accuracy of surface
floats is rather poor, since they only indicate the velocity at the water surface and also can be
influenced by the wind. The mean velocity of non-turbulent streams is generally about 0.85 x the
surface velocity, so a correction factor should be applieds Accuracy can be improved, particularly
for deep, slow flows, by using a cannister or rod float, so as to avoid wind effects. These can be
improvised from materials at hand and are designed to float with their bulk below the water surface.
Where it is difficult to recover floats, it may be better to release a series of surface floats
across the stream, timing the velocity of each and letting them represent cross—section segments.
Water discharge is then calculated as described in the section on stream gauging.

Empirical Estimations of Stream Flow
It must be emphasized that estimates, no matter how sophisticated, are never as good as
direct measurements. However, in many developing countriec ‘ream gauging networks are few or data
may be completely lacking. An estimation of streamflow, no matter how rough, is often essential for
appraising the condition of catchments. Most often, a main interest is in flood flows. Of course,
reasonable estimates can often be made by extrapolating information from a similar basine However,
this must be done cautiously and by an experienced individual.
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Flow equations
- Several empirical methods are availablee Two in common use for estimating stream discharge

at known stages (depths) of flow are the Manning and the Chezy equations.

The Manning Equation is:

V = 1/n R23 §2/3 (1)

where V = the average velocity in the stream cross-section in meters per second,
R = the hydraulic radius in meters, and R = A/P (i.e., cross—section area of flow divided by

wetted perimeter)
S = the water surface slope in meters per meter, or hf/L, where hf = friction head loss or

fall per reach of stream L,
n = a roughness coefficient.

The Chezy Equation is:
v=C RS (2)
where C = the Chezy roughness coefficient.

Equations (1) and (2) are similar, and the relationship between the roughness coefficients

C = 1.81/n R/ (metric) or

C = 1.5/n RS (Engiish)

The equations are used in similar fashion: the hydraulic radius and water surface slope are
obtained from cross-section and bed slope data in the field (Figure 1) The roughness coefficient
is estimated from Table 1 and the average discharge Q is calculated by multiplying the velocity
times the cross—-section area {A in Figure 1), Since the Chezy and Manning equations are related by
equation (3), it is only necessary to consider one of the coefficients (Gray 1970).

In practice, since the interest is in some previous peak flow, high-water marks must be
located to estimate the depth of flow. Sometimes this can be obtained by measuring the height of
debris caught up along the stream channel (Figure 2) or by interviews with local inhabitants. This
should be obtained for a reach of channel where the cross—section of the flow of interest can be
measured with reasonable accuracy, The slope of the water surface can be approximated by the slope
of the stream channel along the reach. The wetted perimeter can be measured by laying a tape on the
channel bottom and sides between the high water marks. The cross—section area chould be measured by

summing several segments.
. .
Frequently, it is not possible to obtain the measurements needed for equations 1 or 2,
particularly where there is no weli-defined channel or where the flow spreads over an adjacent plain
or where evidence of high flows cannot be obtained from intervicws. In these cases, it is necessary
to resort to empirical methods such as the SCS method described in another section. There are aiso
several simpler methods that can be used for small catchments which require easily obtained

measurements. The Rational Method is one of the most common,
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Table 1:
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Rational Method .
Often, for purposes of designing small dams, water diversions or culverts, the peak flow

estimation most generally employed for small watersheds is the so-called Rational Method. It is
summarized in the equation:

q, = C i A3 3)

coefficient of runoff,

design rainfall intensity in centimeters per hour for a given frequency and a duration
equal to the time of concentration of the basin

A = area in hectares

where % = peak rate of flow in cubic meters per second
c
i

Values for the coefficient of runoff are given in Table 2. The time of concentration, Tc'
is the time it takes for water to travel from the most distant point on the watershed to the
watershed outlet. An equation for estimating this watershed characteristic is:

T, = L1515 4038 (4)

where Tc = time of concentration in hours
L = length of the watershed along the main stream from the outlet to the most distant ridge

in kilometers, and
H = the difference in elevation between the watershed outlet and the most distant ridge in

kilaneters.

In areas where rainfall records are lacking, the time of concentration can be calculated to
arrive at the duration of the design storm. Intensity can then be estimated either from what local
information is available or obtained from adjacent areas where there are data.

Vaiues of C for Rational Formula 2

Soil type ‘Natershed cover
Cultivated Pasture Woodlands

With above-average infiltration rates; 0.20 0.15 0.10
usually sandy or gravelly

With average infiltration rates; no Q.40 Q35 Q.30
clay pans; loams and similar soils

With below-average infiltration rates; Q.50 Q.45 Q.40
heavy clay soils or soils with a clay
pan near the surface; shallow soils
above impervious rock

Other Information
For more information on runoff evaluation and on instrumentation, the reader may wish to
request lists of available studies and reports in hydrology from the International Hydrological
Programme, UNESCO, Place de' Fontency, 75 Paris 7eme, France, particularly their book "Representative
and Experimental Basis." WMO also has a Series of "Technical Notes" on hydrology, produced by the
working group of the Commission for Hydrology, World Meteorological Organization, CH 1211, Geneva
20, Switzerland. They also produce a "Guide te hydrological practices."
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The FAO Land and Water Development Division issues hydrological reports in its "lrrigation
and Drainage Paper" series, FAO, via delle Terme di Caracalla, Rome.

Much useful information also is available from "Technical Bulletins® released by the Inland
Waters Branch, Department of the Environment, Ottawa, Canada. The U.S. Geological Survey has a
series "Techniques of water—resource investigations of the U.S.G.S.," available from the
Superintendent of Documents, U.S. Government Printing Office, Washington, D.C. 20402  Their series
of "Water supply papers" also is useful.

~ In the French language, a hydrological series is offered by the Office de la Recherche
Scientifique et Technique Outre-mer, 19, rue Eugene Carriere, Paris, 18eme.

A good summary of hydrology produced in conjunction with the International Hydrological
Decade (UNESCO) is "Handbook on the principles of hydrology" (D. M. Gray,” ed.) by the Nationai
Research Council of Canada, available from Water Information Center, Inc., Water Research Building,
Manhasset lIsle, Port Washington, N.Y. 11050, U.S.A. A useful reference also is the "Handbook of
applied hydrology" by Chow (ed.), Mc-Graw-Hill Book Company, N.Y. Of course many individual texts
are available in various specialized topics of the field of hydrology.

References
Chow, Ven Te. Handbook of Applied Hydrology. McGraw-Hill Book Co. New York. 1964

Gray, D. M (ed). Handbook on the Principles of Hydrology. National Research Council of Canada.
1970.
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Figure 1. Stream channel section showing slope or gradient of
streambed, wetted perimeter P (which is line a-b-c) and cross-saction

area A. R = A/P.

undisturbed

of cutting

Teth e water level
during visit

Figure 2: Loooking for evidence of righ water lavel in the field.
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Stream Flow Estimation: SCS Method
John Thames

Introduction
_ : In many areas of the world there is little or no information pertaining to the quantity and
timing of runoff from watershed lands. This presentation discusses the U.S. Soil Conservation
Service method for estimating water and sediment yields from small ungaged watersheds. While its
initial use was intended for the more humid regions, this procedure is now also used in arid
regions. Although runoff data for small watersheds is generally lacking, information on
precipitation is generally available for the site in question or can be obtained by sxtrapolation
from areas where data is known. Some means is needed, therefore, to transform precipitation into

runoff volume and peak flow rates.

Storm runoff volume
For ungaged watersheds, the Soil Conservation Service (SCS) uses the following basic

rainfall-ruoff equation for estimating the runoff volume from a given storm:
Q= (P -02)%/P+08

where storm runoff, in mm

Q=

P = storm rairf#, in mm

S = a watershad “ictor which reflects the infiltration characteristics of the
area under szasideration, also expressed in mm.

A watershed index W, sometimes called a runoff curve number is related to S by the equaition
W = 1,000/10 + S

The watershed index depends on soil type, the general hydrologic condition of the area, the
nature and extent of cover and the antecedent moisture condition at the start of the storm period

which produces runoff.

Soil types are classified into four groups, the details of which are given in Table 1.

Table 1. Soil Groups for Estimation of Watershed Index W

Soit Group Description of soil characteristics
A Soil having very low runoff potential. For example, deep sands with vey little silt or
clay.
B Light soils and/or well structured soils having above-average infiltration when thoroughly

wetted. For example, light sandy loams, silty loams.

C Medium soils and shallow soils having below— average infiltration when thoroughly wetted.
For example, clay loams.

D Soils having high runoff potential. For example, heavy soils, particularly clays of high
swelling capacity, and very shallow soils underlain by dense clay horizons.
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Three antecedent moisture conditions are allowed for, depending on the amount of rainfall
received 5 days prior to the runoff. Details of these conditions are given in Table 2.

Table 2 Antecedent Moisture Conditions for Estimation of Watershed Index W

Antecedent Moisture Condition (AMC) Rain in previous 5 days
B <15 mm
1 15 to 40 mm
111 : > 40 mm

Figure 1, which is more applicable to semiarid regions,and Table 3 both give values for the
watershed index for various soil-hydrologic—cover combinations, assuming antecedent moisture
condition Il. For other antecedent moisture conditions, the value of W obtained from Table 3 must
be adjusted as shown in Table 4.

The meanings of the terms listed in Table 3 under the heading "Hydrologic Condition" are as
follows:

a. Native pastures: Pasture in poor condition is sparse, heavily grazed pasture with less
than half the total watershed area under plant cover. Pasture in fair condition is moderately
grazed and with between half and three—quarters of the catchment under plant cover. Pasture in good
condition is lightly grazed and with more than three—quarters of the catchmen area under plant

cover.

be Timbered areas: Poor areas are sparsely timbered and heavily grazed with no
undergrowth. Fair areas are moderately grazed, with some undergrowth. Good areas are densely
timbered and ungrazed, with considerale undergrowth.

¢. Improved permanent pastures: Densely sown permanent legume pastures with proper grazing
management are said to be in good hydrologic condition.

d. Rotation pastures: Dense, moderately grazed pasturs used as part of a weli-planned,
crop-pasture-fallow rotation are considered to be in good hydrologic condition. Sparse, overgrazed
or "opportunity" pastures are considered to be in poor condition.

e. Crops: Good hydrologic condition refers to crops which form part of a well-planned and
managed crop, pasture, fallow rotation. Poor hydrologic condition refers to crops managed according

to a simple crop fallow rotatiocn.

Peak flow rate

With the aid of Figure 2, a synthetic traingular hydrograph of storm runoff is developed
which can be used to derive the estimated peak flow rate. The general equation is:

ap =KAQIT,

where q. = peak runoff rate in cfs

Kj = watershed area in km

Q = storm runoff volume in mm

T_ = time in hours from start of runoff to peak rate

:‘g = js a constant dependent on shape of hydrograph. A value of K = 484 is
frequently assumed.
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Time to peak, T_ , is estimated from a consideration of both rainfall and watershed
characteristics. A relationship often used is:

Tp =.,.5D +.6Tc

where D = duration of excess rainfall in hours (for convective storms, this can be equal
to the duration of rainfall).

Tc = time of concentration in hours, which is estimated from the following equation:
T, = .0078 L* 77 57385
where L = length of the watershed along the main stream from the outlet to most distant
ridge in km.
S = average slope of the main stream, a dimensionless ration of difference in

elevation between outlet and most remote point to length of watershed L.

For most cases, the constint K has a value of 0.75 if the units are similar for both sides
of the peak flow equation.
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Table 3. Values of Watershed Index‘u. {Assumfng AMC = [I])

Land use or cover
Netive pasture or
grassland

imbered areas

Improved permanent
pastures

Rotation pastures

Crop

Fallow

Farming treatment

Straight Row
Contoured

Straight row
Contoured

Hydrologic Condition

Poor
Fair
Good

Poor
Fair
Good

Good

" Poor
Good
Poor
Good

Poor
Good
Poor
Good

Soil Group

80
70
60

65
60
55

60

c
85

80

75

75
75
70

70

85
80
80
80

85
85
85
80

90

Table 4. Adjustment of Waicrshed Index W .for Antecedent Motsture

Condition

W value for AMC = II

aMC = 111

0

9
85
80

85
80
75

B0



scs/Stream Flow Estimation: SCS Method/Thames

Cover Density as Percent

Fig. 1
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Econamic Analysis of Watershed Projects

by
Hans M. Gregersen

College of Forestry
University of Minnesota

March 1979
Introduction
For the hydrologist or watershed manager concerned with action programs and gettin
technically sound project proposals implemented, economics is of central concern — as are politics

social pressures, etc. This is the basic rationale for including an economic perspective in thi
course. While the academic hydrologist at times can quite justifiably ignore economics and politic
in his search for the "best™ technical approach to a watershed problem, the practitioner —— who i
of central concern to this course — cannot ignore the broader picture, i.e., the conditions whic

determine the commitment and capacity to impiement hydrology projects.

The present paper presents a descriptive outline of some essential economic considerations
as discussed in a forthcoming guide to economic analysis of forestry projects (Gregsrsen an
Contreras, in press). It also summarizes some jessons learned"® from a recent review of a number c¢
studies which have attempted to apply economic analysis to watershed projects (Gregersen and Brook:

1978).

Watershed objectives and project planning
Most land-use related projects involve implications in terms of changes in water qualit

and/or quantity. Thus, most such projects should include explicit consideration of water relate
impacts and of potential activities to achieve acceptable watershed protection standards. In som
cases the major oojectives of a project maybe water related and constitute the reason why th
project is being considered and proposed. In other cases, water related concerns may merely ente
the project analysis in the Form of constraints on other project activities.

Different water—-related objectives and/or constraints apply in different situations. Thu:
for example, project objectives will vary widely with climatic ard landform conditions as well a
other factors. Appendix | presents a schematic overview of objectives which tend to dominate i
different climatic regions. Regardless of objectives, constraints and other conditioxs,

consistent approach to project planning is needed.

The overall nature of project planning is described in several documents (FAO, 1974; Watt
1973; references cited in both these documents). Basically, project planning invcives a) definitio
of objectives, b) identification of alternatives to meet objectives, c) design of alternatives i
terms of specific required inputs and outputs, d) analysis or appraisal of alternatives, and ¢
choice among alternatives. It is a dynamic and iterative process whi=h uses feedback from past an
on-going operations to improve future project planning activities.
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The focus of this paper is on one of tae elements in the overall planning process, nimely
analysis or appraisal. We |limit ourselves tu the economic analysis and appraisal process,
recognizing full well that most projects involve other appraisals, including: a) technical
appraisal (a main - subject covered in the present course), b) commercial appraisal, or the
consideration of the availability of inputs when needed and the actual uses or requirements for
cutputs, c) institutional and organizational appraisal, which deals with the consistency of a given
project alternative in terms of the institutional structure existing and the organizations! .apacity
to undertake a project; d) managerial appraisal, or the consideration of whether or not in fact
there is the managerial capacity available te implement and execute a given project; and e)
financial appraisal, or the consideration of bwdget implications and financial profitability. Some
of these types of appraisals have been discussed already in this seminar. Others will be covered at
a later stage. Some will not be discussed, since they are outside the scope of this seminar and its

objectives.

The basic framework for an economic analysis
An economic analysis is carried out to provide information for decision-making on the costs

and benefits or economic impacts associated with a project and the relationship between costs and
benefits, e.g., whether the benefits exceed the costs for a given project alternative.

The emphasis here is on economic analysis from a rational, public point of view, as distinct
from the closely related financial analysis, which is of central concern to private entities. The
public sector is also interested in financial considerations, since a project cannot be undertaken
unless it is financially viable, i.e,, within the budget limits of the public sector or agency
considering the project. A financial or budget analysis for a watershed project is fairly
straightforward and involves consideration of financial (money) outflows and inflows for a given

entity or group of entities.

There are two main applications of economics in project pianning. First, we are interested
in the economics of alternative designs (or project opportunities) to achieve the same objective(s).
This involves analysis of "mutually exclusive” project alternatives. Second, once the "best" design
for meeting a given objective has been chosen, i.e., the economically "optimum" design, e:zonomics is
relevant in terms of deciding whether or not in fact the project will be undertaken, when other
known uses for scarce resources are considered.

Economic analyses of watershed projects are no different in principle or concept than
economic analyses for any other type of project. Basically, in an economic analysis we are
concerned with economic efficiency associated with alternative allocations of resources, i.e., how
to achieve the greatest benefits with given resources, or how to minimize the expenditure of
resources in achieving given benefits. Thus, the general concepts and guidelines presented in FAOQ's
Economic Analysis of Forestry Projects (EAFP) are valid also for watershed related projects.
However, some analytical issue and empirical problems are particularly important for such projects.
Some of these issues and problems refate to economic factors, and they are the main subject of this
paper. Others relate primarily to technical factors and their treatment is properly the task of
nydrologists; many of these have been discussed in earlier sessions of the course. Thus, we do not
discuss them further here, other than in terms of how the economist can interact with the
hydrologist in determining what physical input~output information is needed in order to carry out an
economic analysise A basic point is that the physical relationships must be quantified before an
economic analysis can be carried out. Thus, the present discussion proceeds under the assumption
that such information can be generated. Given the fact that the lack of such information is in
praciice the major bottleneck encountered in most watershed project appraisals, it may seem that
this assumption is mades here to avoid a major problem. In fact, it is made to emphasize the point
that the economist cannot solve the information and data problems associated with watershed
projectse What he can do if to a) suggest a systematic approach to identifying direct and indirect
negative and positive impacts associated with a project, and b) point out what information and data
are needed for him to be able to value these various impacts.
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Time to peak, T_, is estimated from a consideration of both rainfall and watershed
characteristicss. A relationship often used is:

Tp = .50 + 6T

where D = duration ~f excess rainfall in hours (for convective storms, this can be equal
to the duration of rainfall).

Tc = time of concentration in hours, which is estimated from the following equation:
T, = .0078 L77 57385
where L = length of the watershed along the main stream from the outlet to most distant
ridge in kme.
S = average slope of tﬁe main stream, a dimensionless ration of difference in

elevation between outiet and most remote point to length of watershed L.

For most cases, the constant K has a value of 0.75 if the units are similar for both sides
of the peak flow equation.
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Particular issues of concern in hydrology projects.
Based on review of a number of hydrolegy/watershed management projects in developing

countrizs, it appears that there are some specific analytical and empirical issues which are
particulzrly common for watershed projects. These are discussed in the remainder of the paper. The
discussion is in most cases taken directly from an earlier study (Gregersen and Brooks, 1978).

The specific points selected for further treatment are the following:

1. Consideration of alternative means forj achieving goals.

2. Determination of project scope and context.

3. Identifying costs for watershed projects.

4. Identifying'beneﬁts for watershed projects.

5 Treatment of benefits and costs in multipls purpose projects.
6. Presenting cost and benefit information in an appropriate form.

The fact that there are only six points listed does not mean that they are the only ones of concern
to the analyst of a watershed related project. For 2 more systematic discussion of the entire range
of issues encountered, the reader is referred to EAFP and FAO (1974).

In order to provide common empirical reference points during the discussion of each of
these, two case study analyses of projects involving watershed considerations are summarized in
Section 6 These two examples are then referred to in Section 7, which provides a discussion of the

six points listed above.

Exarples
The first of the examples is an economic analysis of alternative logging systems. The

objective of the analysis is to find that system that maximizes net revenue subject to a constraint
on maximum allowable sediment discharge. It is an example of an economic analysis to provide
information for an operational decision where water related concerns are entered as a constraint.

The second example illustrates in summary form an economic analysis of a major watershed
project designed to reduce the rate of sedimentation in a reservoir, thereby extending the useful
life of the reservoir and producing additional downstream benefits. The project also involves
several other elements, including wood production in combination with watershed protection, pasture
improvement, and general improvement of upstream agriculture.

Example No. 1: Watershed Considerations as a Constraint in a Project
The growing worldwide concern for environmental protection makes this type of example

relevant.

A 20 ha woodlot is to be harvested. The lot occupies land along a river with an average
slope of 20~30%. In order to prevent erosion and decrease resulting sediment fiows, a clearcut will
not be allowed by regulatory agencies. For this reason a selective cut will be made. However, it
is anticipated that with standard logging techniques about 4 tons of sediment per hectare will enter
the river the first year after the harvest. This amount of sediment is considered unacceptable by
authorities and they will not issue the harvesting permit unless measures arc taken to reduce
sediment to no more than 2 tons per hectare. Thus, the forest manager must find an alternative - that
will reduce sedimentation of the river by at least 2 tons/ha/yr at the lowest cost possible, i.e.,
he is searching for the least cost ziternative for logging the area that will meet the constraint,.
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Harvestable volume on the woodlot is 300 cubic meters/ha which can be sold for $10/cubic
meter.

If all 20 ha had been harvested using standard methods, it is estimated that the following
costs and returns would have obtained:

Returns:
300 cubic meters/ha x $10/cubic meter x 20 ha equals $60,004"

Costs:
labour: 1000 man hours x $2.00/hr equals $2000

tractor: 250 hours x $25/hr equals $6250
loading/transport: 120 hours x $20/hr equals $2400
total cost: $10,650

Net revenue:
$60,000 minus $10,650 equals $489,350.

However, as mentioned the standard method is not acceptable because of the high sediment
discharge associated with it. Two alternatives are proposed that would meet the maximum discharge

restriction.

The first feasible alternative consists of leaving a 25 m wide buffer strip (no cutting)
along the river, The woodlot has a shoreline of 1600 m, therefore, cutting would be reduced to a
total of 16 ha instead of 20 ha. This means a loss of 4 ha of timber or 300 cubic meters x 4 ha x
$10/cubic meter which ecuals $12,000 of revenue foregone. This is considered a cost for this
alternative. It is assumed that other costs would be reduced by 20 percent since only 16 ha could
be harvested. Thus, costs other than revenue foregone would decrease to $8520 (20 percent less than
$10,650). Total cost of this alternative would be $20,520 ($8520 plus $12,000).

The second alternative which meets the sediment discharge reauirements consists of
establishment of 40 m filter strip in which no machines are aliowed. All commercial timber (i.e.,
300 cubic meters/ha) on this 6.4 ha filter strip can be cut but must be winched out at a higher
cost. On the 6.4 ha of the filter strip costs are estimated to be $8,094. For the remaining 13.6
ha costs will drop to an estimated $7,242 to reflect reduction in area logged. Thus, total cost of

this alternative will be $15,336.

Assuming that these are the only two alternatives considered that meet the sediment
discharge restriction, we would choose the lowest cost alternative or the filter strip approach.
Revenue would be $60,000 as before and cost would be $15,336, for a net return of $44,664, which
compares with a net return of $29,480 in the buffer strip alternative. The information generated in
this -analysis further indicates that the cost of the sediment discharge restriction would be $49,350

minus $44,664 or $4,686.

*

Example No. 2: Economic Analysis of a Watershed Protection and Managen-nt Project*1

Background on Project

Project title:
Watershed protection for the Sierra Reservoir.

Project situation:
Some veéars ago, a reservoir was built along the Sierra River to provide storage of water for

downstream use during periods of low flow. Downstream uses include irrigation on some 9500 ha and
domestic water use by the local population. It has been found after five years of operation that
the reservoir is silting in at a much faster rate than initially anticipated, thus reducing

[ ] 7:
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effective capacity and ability to meet water requirements downstream. Siitation is occurring at a
rate of 4 million cubic meters per year. Present reservoir capacity is down to 100 million cubic
meters. At the present rate of siltation, it will only be four years before capacity is reduced to
a point where it can no longer meet estimated water requirements of downstream users. (Domestic
witer use is increasing at a rate of about 6.19 percent per year, while irrigation use is fairly

constant.)

Project goal:

To prevent the reduction (or loss) of water related downstream benefits (those that would be
lest without the project include crop values and health and-satisfaction associated with domestic
water use), the project would extend the effective capacity and life of the reservoir by reducing
the rate of siitation from 4 million cubic meters/year to 1 miilion cubic meters/year. Since there
was apparently no probiem of flood damage with or without the project, flood prevention was not
included as a goal. It could be added in as a goal and treated in exactly the same way, if it was a

problemn,

Project points of view:
(a) Downstream users of water have a direct interest in maintaining

the capacity of the reserveir so that they can continue to receive
water during the dry periods when river flow is inadequate to meet

requirements;

(b) Upstream users of the land which would be affected by the various
conservation measures proposed for the project are interested in how
such measures would affect them. If effects are negative, some form of
compensation may be included in the project plan;

(c} The nation at large is concerned with increased crop consumption,
improved welfare of domestic water users, and losses or gains incurred
by upstream land users. '

The point of view adopted in the analysis is primarily that of the nation, although the
other two viewpoints are also considered.

ldentification and Valuation of Project Costs
To accomplish the project goal, the following project components have been proposed ln the

tachnical design and analysis:

(1) Establish protection forest on the most critical areas where no
other activity should take place because of slope or critical nature of
soil protection.

(2) Establish protection/production forests on areas that need
permanent protection but which are less critical so that some forest
utilization can take place on a controlled basis.

(3) Build terraces on some of the most critical areas with very
unstable soils.

(4) Manage and maintain pasture lands on a rotation, based on their
carrying capacity and ability to regenerate.  This will primarily
involve control and policing actl Bes together with technical
assistance.
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(5) Establish forest management on existing natural forest areas. This
would include control on harvest and other activities, -watershed
protection inputs into access road establishment, inventory and other
information gathering activities.

(6) Establish an overall watershed management and administration unit
within the regional government to supervise and control implementation
of an integrated watershed management programme for the whole
watershed, including the above elements. Include extension services
for local farmers.

In the project documentation, appropriate technology, input requirements and timing for each
of the project components were analyzed. Based on an initial survey of the total watershed of
17,500 ha, the scale of each of the project components was determined, as shown in Table 1o Average
input requirements per ha were estimated and applied to the total areas to arrive at total labour,
equipment, and other input requirements. These input requirements together with unit value
estimates were then used by the economist in valuing the project costs, which are summarized on

lines 4 through 8 of Table 4.

In developing economic values for inputs, only unskilied labour was shadow priced. Other
inputs were valued in the economic analysis at their financial or market price values.

A project period of 26 years was considered appropriate, considering the relevant social
discount rate of 12 percent. For discussion of choice of project period and discount rate, see

EAFP.

Identification of benefits
Reservoir demand (e, the demand on water from the reservoir which would not be available

without it)*2 is estimated at 86 million cubic meters in the first year (year 0) of the project as
shown on the first line of columns 5§ or 6 of Table 2 The capacity of the reservoir is 100 million
cubic meters at present (start of project) and is decreasing by about 4 million cubic meters per
year due to siltation. (See Col. 2 of Table 2). Thus, in about four years from the present the
estimated capacity of the reservoir without the project would just be equal to demand. From then
on, the reservoir would not meet the requirements for water from it.

With the project, it is estimated that the rate of siltation can be reduced to about 1
million cubic meters per year. Thus, the reservoir will be able to meet requirements for a longer
period of time, aithough eventually, even with the project, demand for water will outstrip the
capacity of the reserveir. (This will occur in year 10. Compare Cols. 3 and 6.)

A first reaction might be to use the difference bstween the without and with Droject
capacities as shown in Col. 4 as a measure of benefits. However, this would overstate benefits,
since even without the project, the reservoir could satisfy demand for four mere years. With or
without the project, the benefits would be the same during those first four years and, thus, the
benefits due to the project would be zero during that period (years 0-3). For the next six vears
(years 4-9) capacity with the project would still be above demand. Thus, with the project, the
benefits due to the project for this period would be the difference between estimated demand and
supply without the preject, or the demand deficit which would start to be felt in year 4 if the
project were not undertaken. (This is the difference between raw items in Cols. 5 and 6)s In year
10 demand would start to outstrip supply even with the project. Thus, from year 10 and on to the
end of the project, the appropriate benefit figures would be the differences in capacity with and
without the project (l.e., the difference between cols. 2 and 3). Using the above approach, the

N
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incroased water use due to the project is identified and shown for each year in Col. 7 of Table 3.2

The figures shown in Cols. 5 and 6 are gross figures which include evaporation from the
reservoir, estimated to average about 54 million cubic meters per year. Since the evaporation would
be approximately the same with and without the project, there is no need to adjust the figures shown
in Col. 7. They represent net increases in effective water use.

In addition to the direct benefits associated with increased reservoir. capacity, there will
be some timber related benefits from the combined production/protection plantings. Based on
experience elsewhere, these are expected to be as shown in Table 3. In years 6 through 10 there
will be some minor thinning volumes available and in years 17 through 21 there will be final harvest

volumes available.

In addition to the water and timber related benefits, the following indirect benefits were
identified but not qQuantified in the study:

(a) Eventual increases in livestock production due to regulation of
grazing on watershad lands. (At present, many of the pastures are
marginal due to over’razing). The project wouid restore these lands.

{b) Aesthetic values will increase as the land is rehabilitated.

(c) Access roads required for protection and other watershed management
activities will permit faster and cheaper access by farmers to markets
and increased mobility for extension personnel so they can reach more

farmmers.

(d) The project is expected to result in an increase in water quality
in addition to quantity. A reduction in suspended loads carried over
the reservoir dam will decrease the need for maintenance on individual

irrigation installations.

Valuation of benefits
Based on studies of crop increases made possible by irrigation, it was estimated that

irrigation water flowing out of the reservoir would return a net of P2 per cubic meter of water.*3
Since (1) the major portion of the water is used for irrigation, (2) there was no feasible way of
placing a value on the water used for domestic purposes, and (3) there is na feasible way of
allocating the increased water made possible by the project to irrigation and domestic use, it was
decided to value the domestic water at the rate used for irrigation, namely P2 per cubic meter.
This was recognized to be a conservative estimate. Using this value per cubic meter and the water
increase figures in Col. 7 of Table 2, the corrésponding annual water related benefits from the

project were determined as shown in row 1 of Table 4

" The wood production benefits were valued at P290 per cubic meter on the stump. This value
was a parity price based on the value of imported wood. The parity price was adjusted down by 10
percent to reflect the lower quality of project wood. Total wood production benefits are shown on

line 2 of Table 4

Other benefits were not valued due to inadequate data or to the inappropriateness of
attempting to quantify values, e.g., for the aesthetic benefits.

Comparing costs and benefits )
As indicated on line 9 of Table 4, there is a net cost involved in the project for the first

four years, after which the value flow turns positive and increases steadily over the life of the
project. Using a rate of discount of 12 percent, we arrive at a Net Present Worth (NPW) for the
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project of some P292 million.*4 The rate of return (ERR) of the project would be well in excess of
50 percent.

The high returns to this project can be explained quite easily. Since the reservoir was
already in place and its cost represented "sunk costs," they were not included in the analysis of
the project. Thus, the small amount of additional expenditure required for the watershed protection
activities (the project) were compared with the returns which actually inciude the tetal incremental
benefits from the reservoir. DUdbviously, if one were analyzing a new reservoir project, the
situation woudld be quite different, since the substantial expenditure for the reservoir would have
to be added into the cost stream for the project, while the benefits would remain approximately the

SaNL.

Discussion of Issues
The two examples presented are representative of the types of economic analyses one

encounters for watershed related projectss The following discussion outlines some of the major
issues which arise concerning these examples and points to watch when appiing the guidelines
presented in EAFP to watershed related projects.

Considering alternative means for achieving project goals

One of the basic points made in EAFP is that project planners should explore alternative
means for achieving given project goals. If only one alternative is presented to the decit n-
maker, his only decision is whether to accept or reject it. On the other hand, if information is
presented which permits him to look at a range of alternative means for achieving a goal, taen he
can more thoroughly consider and weigh the implications of different courses of action.

In Example 1 two alternatives to the standard logging approach were considered explicitly in
the analysis. |f other known alternatives had beecn available then they should aiso have been
considered. In this case, the objective was to find the lowest cost alternative that met the
maximum allowable sediment discharge restriction or constraint. Thus, one should rote that costs
and benefits for the standard logging approach were used only as a. basis for comparison since it
was, by definition, an unacceptable alternative due to the fact that it did not meet the constraint.
Thus, actually only two alternatives were compared, the buffer strip one and the filter strip one.
If others had been available (technically defined) they could very easily be included in the

analysis.

The appraisal did not consider alternatives in the case of Example 2 However, there appear
to be two which might have been considered. The first is the use of dredging at some future date to
maintain reservoir capacity equal to demand. The second is the expansion of the reservoir to
increase capacity so it can meet demand even when siltation occurs. In addition, the report on
which this example is" based did not discuss alternative technologies and scales for project
components, nor did it go into the relative advantages of alternative timings of project activities
to more efficiently achieve the goal of the project. Finally, although some of the project
components were separable in terms of costs, the analysts did not have information on which to base
a seaparation in terms of henefits. Thus components were not analyzed separately and it was not
possible to evaluate alternative combinations of project activities to find a2 more efficient overall

solution for meeting the .goals.

Determining project scope and context
A major question facing project planners is what to include and what not to include within

the scope of a given project.

-

From a practical point of view, it boils down to a question of where to cut off the endless
chain of effecis or impacts ‘associated with a given project. The theoretical answer is: "Include
all the irmpacts.” The practical answer is: "Include all those impacts which you can identify and
which appear to be lage enough relative to the direct and immediate impacts to make a difference in
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the cost and benefit flows." The object of a project evaluation is to generate the information
needed to make a sound decision as to whether or not the project has benefits exceeding costs and,
if so, whether the benefits exceed the costs by a large enough margin to make it worthwhile to
commit scarce resources to the project rather than to some alternative use. |If the direct benefits
associated with a project are large enough relative to costs to make the project worth undertaking
from an economic point of view, then spending a large amount of effort and funds on further analysis
of all the various indirect impacts will not be worthwhile. However, if the project is marginally
unacceptable, then there is a much stronger case for detailed analysis of indirect impacts. No
general guidelines can be put forth here on how to determine the appropiate cutoff for considering
indirect impacts. That will depend on each project situation, the knowledge of the project planners
and staff specialists, the cost and time involved in generating information on indirect impacts, and
the objectives of the institution sponsoring the analysis.

In the case of Example 1, the scope was very narrow, mainly due to the fact that the project
involved a very small area and probably had insignificant indirect impacts. The example iliustrates
well the type of brief, uncomplicated analysis associated with operational decisions. Once this
particular situztion had been analyzed and the best logging method chosen (the lowest cost method
that met the constraint) it is likely that that method was accepted and used for other similar
logging situations without further analysis, i.e., this simple “analysis served as the basis for
developing an operational guideline for logging that says: "In situations of riverside logging, a
filter strip system is the cheapest alternative logging system which meets the specified maximum
allowable sediment discharge constraint."

In the case of Example 2, the project scope included the major impact elements, with the
exception that there was no consideration given to how the project would affect the farmers upstream
on the watershed lands who would have to change their operations due to .conversion of land to feorest
or due to curtailment of grazing on critical watershed lands. Similarly, there was no quantitative

-analysis of the positive impacts on farm economies associated with the improved road network and the

increased mobility and availability of extension services. Ideally, these should have been included
in the analysis, and one would expect — even without having information on the project background
and area — that it would have been possible to provide some more explicit treatment of these

impacts.

The question of project scope is closely rejated io other aspects of project definition:
(1) project points of view, and {2) cost and benefit identification.

(Zoncerning project points of view, Example 1 can be identified with two: the logging
operator {or company involved with logging the area), and the pubiic point ol view concerning
sediment discharge. In this case, the public point of view has been expressed in terms of the
maximum allowable discharge regulation and thus does not need to receive further consideration in
the analysis:*S The logging aperztor or company point of view (assuming that this is a private
entity involved) is really the point of view from which the analysis is carried out, i.e., the
question is: "What is the minimum cost we have to incur to achieve the constraint?" If the public
sector is doing the logging, the question remains the same from an economic efficiency point of

view.

Example 2 is somewhat more complex in terms of points of view. As stated in the text, there
are three points of view iZentified, namely the downstream water users, the upstream land users and
the national point of view which incorporates the other two points of view within an overall
objective function.*6 The downstream users' point of view defines the scope of the project at that
end: the project should be defined broadly enough to include the negessary downstream costs to
achieve the benefits accruing to the downstream userss On the other hand, the upstream land users'
point of view defines the scope of the project at that end: the project should be defined broadly
enough to include those costs and benefits for that group that occur because of the project. As
mentloned earlier, there did not appear to be._adegate consideration given to this point of view and

0
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the associated costs and benefits.

Consideration of points of view helps the analyst in identifying the appropriate scope and
in identifying relevant costs and benefits for use in the economic, financial and social analysis
for the project. The following two sections discuss cost and benefit identification in terms of
economic efficiency analysis.

Identifying costs
One can specify three main categories of costs involved in watershed projectss These are.

Structures and work costs: These include costs of dams, gully plugs, construction of
contour furrows or terraces, channel construction or improvement, road relocation, retainer walls,
etc., and maintenance of these structures and facilities.

Vegetation manipuiation costs: These mainly include costs of removal of vegetation and
planting and management costs associated with the establishment of new vegetation. -

Value of outputs foregone: Even eroded or deteriorated lands may be producing values
through grazing, subsistence farming, et<. These activities may have to be curtailed for a period
of time in order to restore land to some higher level of productivity. The value of such production
foregone should be included as a project cost. In the case of a protection project, timber
harvested per unit area may be reduced due to the introduction of buffer strips along rivers,
streams, roads, etc. Selective harvest may have to be imposed on steep hillsides which may in turn
reduce the present value of harvests. This reduction is a cost.

The first two categories of costs are quite obvious, and both examples in Section 6 treated
these in an adequate fashion. The third category — value of outputs foregone —- is aiso relevant
to both cases. In Example 1, it can be noted that the analyst treated the value of timber foregone
through creation of a buffer strip as a cost. He could also have merely reduced the total benefit
figure by this amount, thus treating this value foregone in terms of benefits. Either way would
have produced the same result, since the objective was to arrive at the alternative with the highest

net return.

In the second example, there were values of outputs foregone from changes in land use that
should have been considered but were not, as explained in the previous section. This supports the
point made earlier that project scope points of view and cost and benefit identification are closely
interrelated. Since the upstream land users' point of view was not adequately defined the analyst
also missed identifying explicitly changes in value of output associated with upstream land use due
to restriction of grazing on seme lands and shift in land use from agriculture to forestry on other

lands.

Identifying benefits using the "with and without" test
The basic approach suggested for identifying costs and benefits involves use of the "with

and without" test. Basically, this means that the analyst asks and answers the question: "What
would the situation likely be without the project over the pziiod of years contemplated for the
project and what would the situation likely be with the project?”

The particular point to emphasize here is that the "without" project situation is not the
same as the present situation for most typss of watershed projects. Thus, over time, without the
proposed watershed project, soil tonditions might deteriorate, erosion might increase, etc. The
analyst has to make sure that these changes are taken into account. Figure 1 illustrates a typical
situation. As noted, at time 0, production is at level X. Without the project, conditions would
deteriorate until in year n production would have decreased to Y. With the project, it is estimated
that production will increase to Z. The point to note here is that both Z minus X and X minus Y are
legitin.ate benefits to be attributed to the project. Thus, the analyst will not only need to

, 81
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estimate the increase in production which will be possible (i.e., Z~X) but he will also have to make
an estimate of the losses which will be avoided (i.e., X-Y). Example 2 illustrates this point.

Application of the "with and without" test also brings out another point related to benefit
identification and valuation (which is also illustrated by Example 2). The point is that merely
because a project changes some physical dimension in a positive way, this does not necessarily mean
that there is a benefit involved. In Example 2, the project starts immediately to reduce the leve!
of siltaticn in the Sierra reservoir and thereby increases the effective capacity of the reservoir.
However, even without the project the level of capacity of the reservoir is in excess of demand and
will continue to be so for the next 4 years. Applying the "with and without" test, the analyst can
see that consumption of water (the relevant benefit parameter) will remain the same with or without
the project for this period. Thus, the henefit {losses avoided) due to the project will be zero
during the first four years, or until the capacity of the reservoir without the project would have
fallen below requirements for water. This point applies more broadly to many different types of

watershed projects.

The above point relates to the fact that in an economic efficiency analysis, benefits should
be measured in terms of human consumption. Thus, for example, the hydrologist may provide an
estimate of tons or cubic feet of soil loss that can be avoided by undertaking a given project. But
this information is not enough for an economic analysis. In order to value the benefits from the
project, such losses avoided have to be translated into a schedule of crop or other consumption
losses avoided. Thus, agricultural experts have to come up with a relationship between soil loss
and crop production or soil loss and production of some other consumption item. This consumption
loss can then be valued and used as the benefit in the economic efficiency analysis.

Treatment of. Benefits and Costs in Multiple Purpose Projects

A point worth mentioning here is the need to use care and caution in identifying costs and
benefits associated with multiple purpose projects which include a watershed management element.
For example, in some cases, trees planted on denuded lands as part of a watershed protection or
restoration project will also be managed for controlled harvest for fuel or other products. In such
cases, both types of benefits will have to be included in the analysiss Of course, any associated
costs involved in harvest will have to be subtracted, if roadside value for the harvest s used
instead of stumpage value. Proper allocation of tree planting costs to the watershed benefits and
the wood output benefits is difficult. |f timber production is the main objective of the project
with watershed protection or restoration as a secondary purpose, then one practical approach would
be to allocate the basic costs to the timber objective. Any additional costs of vegetation
management to achieve the constraint or watershed objective would be allocated to the watershed
component of the project. Similarly, in the case of logging road redesign to meet certain watershed -
constraints or objectives, the equivalent of the minimum road cost to get the timber out would be
attributed to the timber element, while the additional costs associated with highzr standards to
meet the watershed objectives would be altocated to the watershed element.

In the case of a primary purpose watershed project, the cost of tree planting or other
activities would be associated with the primary purpose and benefits, whiie timber benefits would be
treated as secondary benefits. As mentioned eariier, it is important in such cases to remember to
subtract any secondary costs associated with the timber production up to the point of valuation of
the timber (e.g., stumpage level, delivered log level, etc.).

Timing of Costs and Benefits — Presenting cost and benefit information
Most watershed projects tend to be longer term projects in the sense that the inputs occur
over a considerable period of time and the benefits accrue over an even longer period of time.

Further, benefits and costs are constantly changing over time,

A main problem is to devefop a sound estimate of the timing of the benefits. Restoration
projects generally take time to implement. Fuli productivity is restored slowly in most cases. For
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example, if trees are planted on a deter,orated watershed, the full protective effect on erosion
control will take some time to achieve.

In order to keep track of the project assumptions regarding the build-up to project benefits
and costs over time, it is essential to use appropriate physical flow tables ard, ultimately,
properly designed value flow tables. (Such tables are shown as Tables 3 and 4 in Example 2 in this

'~ paper.)

Treatment of uncertainty
Watershed related project are particularly subject to great uncertainty in terms of the

values of costs and benefits used. Thus, it is important that project appraisals inciude explicit
<reatment of uncertainty. Neither of the two examples presented earlier did so, and that is perhaps
a typical situation found in most economic appraisals.

There :*-e some simple techniques, such as sensitivity analysis and break-even analysis,
which can be applied rather easily and cheaply in most cases. Basically, sensitivity analysis
invol-es varying assumptions concerning the values of key parameters and then testing -the
sensitivity of the chosen measures of project worth to such changes. A break-evea analysis is aimed
at identifying values of key parameters which would switch the profitability of a project from
acceptable to unacceptable levels (see EAFP, chapter 10).

Summary and Conclusions .
The present paper presents an overview of some special problems associated with economic

analyses of watershed projects. No attempt is made to provide systematic, detailed guidelines for
project analysis, since these are covered in FAO's Economic Analysis of Forestry Projects (EAFP).
The paper presents some examecies and case studies of economic analyses of watershed projects and
provides insights into how the analyst car. consider watershed elements when they are imposed as
constraints on projects that have other gsoals {e.g., wood production).

A question remains: What lessons and conclusions can be drawn in terms of how the economist
can work more effectively with hydrologists, foresters, agronomists and other technical specialists
in attempting to provide improved analyses of watershed projects? Based on the discussion in this
paper and a review of a number of watershed project appraisals, the following points are relevant in

answering this question:

(1) In general, it would appear that the weakest link — or the
major problem — in carrying out zn appraisal of a watershed project
relates to the identification and quantification of the physical input-
output relationships and the costs and benefits involved. Once costs
and benefits have been approoriately identified and quantified in
physical terms, there do not appear to be any special problems invelved
in valuing them and comparing them in terms of the measures of project
worth commonly used. With regard to this point, it would appear thai
there are a lot more data available on input-output relationships than
is generally thougit and used in projects. The problem is that very
little has been done to bring this information together in a practical
form that can be used by the general project planner. Thus there is 2
need to spend a lot more time and effort in developing comparative
studies and tranlating highly technical information into practical
guidelines th2t can be used by project planners.

We fully recognize that the tachnical specialist and researcher may
argue that each case is a different one and thai it is impossible to
transfer the experience from one situation to anothe, situation. While
we agree that there is seldom a sisngion wl.ere experience from one
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project fits perfectly the conditions for another project, we also
suggest that most analysts are dealing with averages and orders of
magnitude in their attempts to analyze new projects, particularly in
der countriess They have no choice.

Zconomists and the other technical specialists have o
inter... at all stages in the project planning process, for the
economist cannot carry out an aconcmic analysis unless he has the basic
physical input-output information on which to base his analysise The
economist has to make known at an early stage his information needs.
If he does not, then he can rightly be criticized. However, the
primary responsibility for generating the needed information lies
squarely on the shoulders of the hydrologist 2nd other technical
specialists. This is not within the =conomist's area of competence.
His main responsibility starts when the appropriate information has
been generated. We stress the word M"appr:oriate" since in a number of
cases it has been observed that a greal dvai of information has been
accumulated for z project, but it is not the right information for the
purposes of gquantifying and valuing costs and benefits. Thus, for
example, it is not enough to have informatizy on average per ha soil
losses under various conditions. The agronomist and soil experts must
make a specific link between soil loss and crop loss, for benefits in
this case have o Se specified in terms of consumption losses avoided.
We dz not "cons.:ie" soil, we consume the products grown on it. In
order o value such product losses avoided through implementation of a
waserched project, we will need to iink soil loss to crop production
changes. The same argument holds for other types of relationships.

With the abcve in mind, we strongly reccmmend that if an economic analysis is to be carried
cizy f27 a watershed project then the economist should be included in the planning process at an
esriv stage so he can make his information needs known. It may well be that the information he
needs cannot readily be generated with avaiiabie time and funds. In such cases, it will not be
possible to carry out an economic analysis that considers both costs a1d benefits. Rather, the
economist will have to stick to a cost-effectiveness analysis or some other types of partial
analysise Or, at the extreme, he will have to state that an economic analysis is not possible,
given the prescat state of knowledge and data availability., However, at this point we should stress
again that, in many cases, more information is available than is genzrally thought and used: It
would be well worthwhile to spend some time and effort on bringing *ogether such information in a
form that is readily understood by general project planners and decision-makers.
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Notes

»] Adapted from a project in the Andean foothills of a South American country.

#2 l.e. release of water in dry season to meet requirements during that period. It does
not include the water used that would have been available without the reservoir, i.e., the
requirements which would have been met from normal precipitation and river flow without it.

*3 l.e., after subtracting from final crop value all costs back to the reservoir, e.g.,
farming costs, marketing, water distribution, etc., but excluding any sunk costs.

*4 The rate of discount was given to the project planners by the national planning office
and represents the rate used for evaluating all public projects in the countr,

*5 Unless, of course, the analyst is also asked to look explicitly at the costs and
benefits associated with different levels of sedimentation. This, however, is 7 separate question.

6 As mentioned in EAFP this objective function relates to project impact on aggregate
consurption.

Appendix 1
Watershed Management Gbjectives Relevant for Different Climatic Regions

The following table (Gregersen and Brocks, 1978) presents a general view of the variety of
watershed management objectives which may be relevant for different climatic regions. Obviously,
there are exceptions to such a generalized ranking. But it does indicate some general
considerations. Specific site characteristics and other factors such as proximity to population
centers and level of economic development may in some situations reorder the watershed management
priorities listed. For example in a mid-latitude mixed forest with abundant rainfall and water
supplies, the management of municipal watersheds for maintaining or perhaps increasing the quantity
of water .yield to satisfy the demands of an increasing population may be a major objective.
Conversely, the goal of increasing the quantity of water in many desert ecosystems may be
unr~alistic from a watershed man.gement viewpoint because of the lack of opportunities to do so.
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TABLE 1
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